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Abstract 

The eddy current nondestructive testing method has 
traditionally been used for the detection of surface and 
Subsurface flaws in conducting materials. The basic problem 
with inspection to greater depths is shallow skin depth or 
lack of penetration at realistic operating frequencies. To 
overcome this problem and the effect of lift-off, specially 
designed through-transmission probes were used which operate 
in the frequency range of 100 to 2000 Hz. By using a 
conventional single-frequency impedance-plane analysis 
technique, phase detector circuitry and filters, welds in 
1/2" (12.7 mm) thick aluminum alloy plate were inspected to 
detect flaws within the welds. 

Different operating and material conditions, such as 
electrical conductivity, magnetic permeability, lift-off, 
dimensional changes and cracks produce their own unique 
impedance-plane plots. This thesis describes and illustrates 
how the "Signatures" of various test object conditions may 
be used ws characterize the flaws present within the welds. 
By uSing an X-Y storage oscilloscope to record the 
Signatures, flaws such as incomplete penetration, cluster 
porosity and large isolated pores were easily identified. 
Future considerations extend to the inspection of other 
metals, including steel, using a conventional differential 


probe configuration. 
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1. General Introduction 

Electromagnetic nondestructive test methods are widely 
used in the metals industry to inspect and evaluate metals 
for quality control. Because the tests are nondestructive, 
they can be used to inspect an entire production output if 
desired. The basic principle of the electromagnetic test is 
that electromagnetic field perturbations caused by the 
presence of a test object in the field are measured and used 
indirectly to evaluate conditions of interest in the test 
object. The correlation between the instrument readings and 
the structural characteristics and serviceability of the 
test object must be carefully and repeatedly established for 
these methods to be reliable. 

Electromagnetic nondestructive test methods use the 
effects of electromagnetic induction, electromagnetic 
fields, or varying currents for probing, measuring, or 
inspecting. The most commonly used electromagnetic 
nondestructive test 1s the eddy current test, and is the 
Subject of this thesis. It will be shown that eddy current 
testing is based on the principles of electromagnetic 
induction and that the main operational functions common to 
the eddy current test are: 1)the excitation of one or more 
test coils to produce an electromagnetic field within the 
test object, 2)the modulation of the electromagnetic field 
quantities by the test object, 3)the conversion of test coil 
output signals for analysis, 4)the detection or demodulation 


of the test coil output signals, 5)the analysis of the test 
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coil output signals, 6)the display or indication of results, 
and 7)the handling of the test object being inspected. 

A number of eddy current testing methods are available, 
but the most common eddy current test method is the vector- 
point or impedance-plane analysis method, where impedance 
changes in the test coil representing changes in the test 
object are monitored using an X-Y storage oscilloscope. This 
eddy current testing method may be used to identify and 
differentiate between a wide variety of physical, structural 
and metallurgical conditions in electrically conductive 
ferromagnetic and nonferromagnetic metal parts. This testing 
method may be used to: 1)measure or identify such properties 
and conditions as electrical conductivity, magnetic 
permeability, physical dimensions, grain size, hardness and 
heat treatment, 2)detect seams, laps, cracks, voids and 
inclusions, 3)sort dissimilar metals by detecting 
differences in their composition, microstructure and other 
properties and 4)measure the thickness of a nonconductive 
coating on a conductive metal, or the thickness of a 
conductive coating on a dissimilar conductive metal. Because 
of its versatility, the impedance-plane analysis technique 
was used for this study. 

Eddy current testing may be used to inspect and 
evaluate a wide variety of metal materials and products. 
This is true, provided that the physical requirements of the 
material are compatible with the inspection method. In many 


cases, however, the method may be sensitive to a number of 
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unimportant properties and/or characteristics inherent 
Within a material which may result in misleading instrument 
Signals or instrument signals that mask critical variables. 
This may occur if both a conductivity change and flaw are 
detected at the same time. This may also occur if the 
coil-to-object distance or lift-off varies during the test, 
as would occur during the inspection of a weld bead. 

The purpose of this thesis project was to develop a 
Suitable test coil capable of producing a magnetic field 
which would penetrate weld beads in thick plates of aluminum 
alloy, yet still maintain a Suitable degree of sensitivity 
to flaws within the weld. To achieve the required 
penetration, testing equipment capable of operating at low 
frequencies (eg. 100 to 2000 Hz) was used. The equipment was 
also phase selective to provide a means of discriminating 
against any undesirable variables associated with the eddy 
current test. Another requirement of this project was the 
development of a suitable system to overcome the effects of 
lift-off associated with the crown of a weld bead. 

A suitable choice of testing equipment and probe design 
allowed a variety of flaws to be detected and characterized 
using the impedance-plane analysis method of eddy current 
inspection. Incomplete penetration, cluster porosity and 
large isolated pores present within welds made in aluminum 
alloy plate were identified using this method. The results 
were verified using both ultrasonic and radiographic 


nondestructive tests. 
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The theory of eddy current nondestructive testing is 
presented in the literature survey. The development of the 
eddy current test system and testing technique, conclusions 
and recommendations for future work, including practical 
applications of this system, are presented in the 


experimental section of this thesis. 
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2. Literature Survey 


2.1 Survey Introduction 

Development of the eddy current method of inspection 
was based on early discoveries in the field of 
electromagnetism and technological advances in the areas of 
metallurgy, metals fabrication and instrumentation. It will 
be shown that electromagnetic induction is one of the key 
principles of the eddy current test and that electromagnetic 
effects are caused within a conductive test object as a 
result of varying electromagnetc fields. These fields result 
in eddy current flow within a conductive material. A 
secondary electromagnetic field is set up as a result of 
this eddy current flow, which creates electrical signals 
within the test coil that are related to the electrical 
conditions of the test object. The basic principles of 
electromagnetism will be presented as a historical 
development. 

With the basic electromagnetic principles realized, the 
two major functions of the eddy current test method will be 
studied. These functions include the excitation of the test 
coil with a sinusoidal signal and the modulation of the test 
coil output signals, as represented by changes in the 
impedance-plane diagram. The principle operating variables 
of the eddy current inspection method will be investigated, 
as well as impedance concepts and the phase discrimination 


technique. 
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2.2 Basic Electromagnetic Principles 


2.2.1 Early Discoveries 

The principles of the eddy current method of inspection 
are founded on early discoveries in the field of 
electromagnetism. In 1820 Oersted'’* discovered the magnetic 
effect of electric current. He showed that a magnetic 
needle, when placed under a current-carrying wire, takes up 
AMOLReECELON perpendicularwrco. that of the current. He also 
found that the effect was passed from the wire to the needle 
through materials such as brass, glass, wood and water. 
These were simple, yet important observations, since they 
illustrated the presence of a magnetic field and initiated 
the subject of electromagnetism. 

Figure tla illustrates the magnetic field around a wire. 
Oersted's examination of the field at any point P, at the 
end of radius vector r, showed that the direction of the 
magnetizing force was always at right angles to both the 
direction of current flow and the direction of the radius 
vector. The result 1S a circular magnetic field around the 
wire. 

Oersted's observations were soon confirmed by Ampére?’ > 
who took the experiment one step further, examining the 
reaction of the magnet upon the current. He showed that the 
direction of the force exerted upon a current by the earth's 


magnetic field was consistent with Newton's third law, which 
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Figure 1. Magnetic field around a wire: a)direction of the 
magnetic field; b)contribution to the magnetic field at 


point P. 
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States that, for every action there is always an opposed 
equal reaction. Ampere then studied the action of one 
electric current upon another. He discovered that two 
parallel wires carrying currents were mutually attractive 
when the currents flowed in the same direction and repulsive 
when the currents flowed in the opposite directions. 

Two of Ampere's contemporaries, Biot and Savart’, 
repeated Oersted's experiment and discovered a law 
describing the magnetic effect. They found that the 
direction of force on the magnetic pole was perpendicular to 
the wire and circumferential with respect to the wire. They 
also found that the force was proportional to the reciprocal 
of the distance from the pole to the wire. With their 
findings, Biot developed an equation which states that the 
field, of any point, is the integrated sum of the field 
Awe Be Gas REG Gath ieee be eae Ree 
current elements in the system. Although credited to Biot, 
this equation is commonly known as Ampére's law. 

To illustrate Ampére's law, the origin of the field at 
point P is considered, as in Figure la. The field at point P 
is actually made up of the combined contributions of the 
field effect from the current-carrying wire. This is 
illustrated in Figure 1b. In this case, the current flow I[ 
through the wire is made up of a series of elemental 
currents JA¢. Ampére's law states that the contribution of 
the field, at point P, by the elemental current JA“, is 


directly proportional to the strength of the current element 
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and to the sine of the angle @ between the direction of the 
elemental current flow and the line connecting the elemental 
current with point P, where the direction of the field 
contribution at point P is perpendicular to both the 
direction of the current element flow and the line 
connecting the current element flow with point P. The law 
also states that the contribution of the field, at point P, 
by the elemental current, is inversely proportional to the 
square of the distance from the current element to point P; 


thus, the equation reads: 


AH~ JAsin@/r? (1) 


This is the field contribution from a single current element 
(N.B.: bold-face type indicates a vector quantity). The 
quantity I[A¢@ should remain constant, while the angle @ and 
distance r have different values for each current element. 
All the contributions may be summed to give the total value 
of the magnetizing force H at point P. 

In this example, it was assumed that the current had 
the same value along the wire. If the current varies with 
time or distance along the wire, the contributions to H will 
also vary. In addition, all of the lines from P to the 
current elements lie in a single plane (i.e., the straight 
current path or wire); therefore, all of the elemental AH 


values lie in the same direction. If£ the wire were curved, 


if aes ott bas ‘valet “venghliy ne 
wet ‘edt. ® sntag/pinetent sre sii We 
| a ‘daboq ie vbdata a sis meltie : samod 

‘oily ot ‘Si 20g. wher royale f shia 
a anton, oe anembly vetiue’ anf, as a 


a Ae ae 


‘ey ‘Lee 
7 ; i i ; a Seer ee ee a 


snanels perry ei Se oa’ h aitus ing 


argh 8! ip SR AE 

‘phe ® st pu! on ‘pele 2abdRpED © oe | 
| ; re ee at 
aie 41 yO) eowley seotet ite: 


| su ley ladon: oan 


cy 


“nels bese 


“daily miley: 


ae 09, et ea 


the elemental values would not have the same directions; 
therefore, all of the contributions would have to be added 
as vectors. Further complications result if many wires are 
present and oriented in different directions. As simple as 
the equation might appear, these complications may still be 
handled by applying Ampeére's law. 

The effect of using a loop of wire is illustrated in 
Figure 2. The lines of magnetic force, B, tend to be 
Straight near the center of the loop and gradually approach 
a circular pattern near the wire. For points close to the 
wire, a length of wire that iS very short compared to the 
radius will closely approximate a straight line; therefore, 
the wire behaves magnetically like a long straight wire, 
resulting in concentric circles of magnetic force. In this 
case, the amplitude varies inversely with the square of the 
distance from the current element and directly as a function 
of the angle between the direction of the current element 
and the radius vector between the current element at point 
P. Each contribution to the field is at right angles to the 
plane containing both the radius vector and the direction of 
the current element. Reversing the direction of the current 
will result in the reversal of the direction of the magnetic 
Priel. 

Going one step further, a multi-turn coil or solenoid 
may be analyzed in a Similar fashion. The coil's field is 
the vector sum of the fields set up by all of the turns that 


make up the coil. Figure 3, which illustrates a coil with 
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Figure 2. Magnetic field of a current loop. 


Coil with widely spaced turns. 


Figure 3. 


Pz 


widely spaced turns, suggests that the fields tend to cancel 
between the wires. It also suggests that, at points inside 
the coil and reasonably far from the wires, B is parallel to 
the coil's axis. In the limiting case of adjacent tightly 
packed Square wires, the coil becomes essentially a 
cylindrical sheet and the requirements of symmetry confirm 
the previous statement. 

For a point P jufaidemene COLL, SUGh ase Figure 3, 
the field set up by the upper part of the coil turns tends 
to cancel the field set up by the lower part of the coil 
turns. As the coil approaches the limiting case, the 
magnetic field at points outside the coil approach zero. 
Taking the external field to be zero is not a bad assumption 
for a practical coil, if its length is much greater than its 
diameter and if only external points near the central region 
of the coil are considered. Figure 4 shows the lines of 
magnetizing force for a real coil. Although this coil is far 
from ideal, the spacing of the lines of B in the central 
plane illustrate how the external field is much weaker than 
the internal field. 

Oersted's discovery of the magnetic field associated 
with an electric current suggested to several other 
investigators the possibility that magnetism could in some 
way give rise to electricity. This opposite effect was not 
demonstrated until 1831 when Faraday*®’* discovered 
electromagnetic induction, one of the key principles of the 


electromagnetic test. Joseph Henry, in 1830, was the first 
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Figure 4. Lines of magnetizing force for a real coil. 
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to observe such a phenomenon, but Faraday published his 
independent discovery first and is therefore credited with 
the discovery. 

In these early studies, coils were wound on a soft iron 
ring, as illustrated in Figure 5. In this arrangement, one 
of the coils was connected through a switch to a battery. 
The circuit of the other coil Wz. included a wire which 
passed over a magnetic needle three feet from the iron ring. 
Faraday discovered that by connecting the battery to winding 
W, the magnetic needle moved, oscillated and returned to its 
Original position, and then by disconnecting the battery, 
oscillations were again produced. These results showed that 
a current was generated in coil Wz, given a change in 
Current Ehrough' coll Wi.8y sdding a corvl in theyW> circuit, 
adjacent to the magnetic needle, Faraday was able to make 
some additional observations. He observed that the needle 
moved initially in one direction when the battery was 
connected and initially in the opposite direction when 
disconnected. In both cases, after the initial movement, the 
magnetic needle oscillated and returned to its original 
position. 

Faraday repeated this experiment uSing a wooden core 
instead of an iron core. He obtained results similar to 
those with the soft iron ring core, but the current was 
lower. A galvanometer was required to measure this low 
current. In later experiments, Faraday discovered that the 


mere approach or removal of a current-carrying conductor 
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Figure 5. Faraday's circuit, used to illustrate 


electromagnetic induction. 
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Figure (6. lllustration cf Lenz’ s daw. 
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induced a current in a neighbouring coil and that the motion 
of magnets produced similar effects. 

Although Faraday was able to predict the direction of 
an induced current, he did not state his principle as 
Succinctly as Lenz’. In 1834, Lenz conducted a series of 
experiments which led him to his rule for predicting the 
direction of an induced current: 

"the direction of the induced current is always such that 
its electromagnetic action tends to oppose the change which 
produces it." 

Lenz's law is illustrated in Figure 6. As a bar magnet 
approaches the top of the coil, as in Figure 6a, the current 
induced in the coil gives rise to an induction that opposes 
the approach of the magnet. Likewise, as the magnet is 
withdrawn, as in Figure 6b, its motion is again opposed by 
the magnetic field arising from the current induced in the 
cor: 

An important concept to be learned from Faraday's 
experiment is that of magnetic flux or magnetic induction. 
The magnetic field intensity H produces a magnetic flux B in 
the direction of H and its value is proportional to the 
product of the permeability and the magnetic force 
(1.e., B=uwH). This leads to the concept of total flux. The 
total flux ¢ is obtained by summing up the flux over a given 
area. AS an example, the total flux for a given coil, such 


as Figure 2, would be equivalent to 
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where B, 1S the average magnetic flux and A is the 
cross-sectional area of the coil. The flux ¢ is given in 
units of webers, named in honor of W.E. Weber, German 
physicist. The magnetic flux density is the total flux per 


unit area (¢/A). If B is oblique to the plane of area, then 


g@= B, A cosé@ (3) 


where @ is the angle between B and the normal to the area, 


as illustrated in Figure 7. 


2.2.2 Induced Emf 

Although induced current has been mentioned, it should 
be realized that the primary effect is the induced emf. This 
gives rise to a current, provided the circuit is complete. 
Figure 8 shows a Single-turn loop placed in a magnetic field 
having a flux density B and a total flux ¢ threading the 
loop. Faraday found experimentally that the magnitude of the 
induced emf in a Single loop was directly proportional to 
the time rate of change of the total magnetic flux enclosed 


by the loop: 
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Figure 7. Oblique magnetic flux lines. 


Figure 8. Faraday's induced emf law. 
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E= -Ag/At (4) 


where Ag is the change in flux and At is the change in time. 
E is given in volts when Ag/At is given in webers per 
second. 

An emf (A¢g/At) is induced in each turn of a coil: 
therefore, if N turns are connected in series, the total emf 


in the coil is N times that induced in a single loop: 


E= -NA¢/At C5) 


If the flux varies at a sinusoidal rate (i.e., if 
alternating current is used), the induced voltage at the 
terminals of the loop would vary as the cosine function, 
because the time rate of change of a sine function is a 
cosine function. Application of the negative sign results in 
a 90° shift between the output voltage and the total 
magnetic flux threading the loop, where the output voltage 
leads the total magnetic flux. 

The induced voltage, by Ohm's law*®, will cause a 
current to flow around the loop. The amount of current which 
flows in the loop depends on the electrical resistance of 
the loop and, in accordance with Ampére's law, the current 
will make new contributions to the existing field which, in 


turn, will affect the induced voltage around the loop. These 
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contributions will be discussed in section 2.3. 


2.2.3 Maxwell's Contributions 

The years from 1831 to 1931 were a time for development 
of basic mathematical and electrical analyses, as well as 
electrical techniques. The most important contributions to 
the development were made by Maxwell’. Maxwell was greatly 
influenced by Faraday's experimental results and ideas about 
magnetic lines of force. In 1864, he presented his classical 
dissertation on a dynamic theory of the electromagnetic 
field. Maxwell skillfully modified the existing equations 
developed through the contributions of Oersted, Coulomb’‘°, 
Ampere, Biot, Savart, Gauss'' and Faraday to develop his 
four renowned equations''., 

The scope of Maxwell's equations is remarkable, 
including as it does the principles of all large scale 
electromagnetic and optical devices such as motors, 
cyclotrons, electronic computers, radio, television, radar 
and optical instruments. These principles include the 
generation and flow of eddy currents in conductors and the 
associated electromagnetic fields; thus, all the 
electromagnetic induction effects that are basic to the eddy 
current inspection method are described, in principle, by 
Maxwell's equations for the appropriate boundary values for 
practical applications. 

Maxwell's first equation, derived by applying the 


divergence theorem to Gauss' theorem for electricity, takes 
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the differential form: 


where V 1s the vector differential operator, D is the 
electrical displacement and p is the volume density of free 
charge. This equation relates the electric field to the 
charge enclosed within a surface. 

Maxwell's second equation, an extension of Ampére's 
law, relates the magnetic effect to a change in the electric 


field or current by: 


VxH= J+6D/6t (7) 


where H is the magnetic intensity, J is the current density 
and 6D/ét is the density of displacement current. The 
displacement current may exist if the electric field is 
changing. In a conductor, the 45D/ét term vanishes, while in 
a dielectric it is the J term which vanishes. 

Maxwell's third equation, derived from Faraday's law of 
electromagnetic induction, relates the rate of change of 
magnetic induction to the resulting electric field. The 


differential form of Maxwell's third equation may be 
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written as: 


VxE= -5B/6t (8) 


where E is the intensity of the field associated with the 
induced emf (force per unit charge) and 6B/ét is the rate of 
change of magnetic induction. 

Finally, Maxwell's fourth equation, derived by applying 
the divergence theorem to Gauss' theorem for magnetism, 
shows that the total flux of magnetic induction through any 
closed surface is equal to zero. His fourth equation may be 


written as: 


V-B= 0 ay 


where B is the magnetic flux density. Maxwell's fourth 
equation is a direct consequence of the fact that the 
induction is the curl of a vector. 

The recognition to include a displacement current to 
account for electromagnetic events in space where no 
conduction currents exist, as in the space between the 
plates of a capacitor, was one of Maxwell's major 
contributions to physics. This single discovery led to his 


conclusions that electromagnetic waves. could be propagated 
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in free space and that visible light was such an 
electromagnetic radiation. Maxwell also predicted the 
presence of lower frequency waves, called Hertzian or radio 
waves. His work was also an important foundation for the 
works of Lorentz and Einstein in the development of the 


theory of special relativity. 


2.2.4 Modern Developments 

In 1879, Hughes detected differences in electrical 
conductivity, magnetic permeability and temperature in metal 
uSing an eddy current method. Further development of the 
electromagnetic theory was necessary before eddy current 
methods could be used in practical applications. Since 
nondestructive testing techniques were not common in the 
1800's, much of the analytical work and measurements were 
accomplished in connection with other electrical problems 
and were later applied to nondestructive testing. 
Calculation of the flow of induced current in metals was 
later possible by the solution of Maxwell's equations for 
symmetrical configurations uSing specific boundary 
conditions. These mathematical techniques were important in 
the electric power generation and transmission industry, as 
well as in the methods of induction heating and eddy current 
inspection. 

With the advent of World War II came a rapid growth in 
the metals industry and a need for improved nondestructive 


testing techniques to meet the new requirements of the 
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metals industry. The earliest advances in the development of 
a practical eddy current technique were made by Vigness, 
Dinger and Gunn'? in 1942. An early, well documented work 
was presented by Farrow'*® in 1943. He pioneered the 
development and application of an eddy current system for 
the inspection of welded steel tubing. His system included a 
separate primary excitation coil, differential secondary 
detector coils and a direct current magnetic saturating 
coil. The inspection system also included a balancing 
network, high frequency amplifier, frequency discriminator- 
demodulator, low frequency pulse amplifier and filter. These 
are the same basic elements present in a modern eddy current 
inspection system. In the same year, Zuschlag'* also made 
some major contributions in the design, development and 
application of eddy current nondestructive testing 
equipment. 

Probably the most thorough work done on the theory and 
application of eddy current testing methods was made by 
Forster and his associates'*®~'’,. During the past 25 years 
they applied all of the basic principles of eddy currents 
and a combination of the results of detailed analytical 
studies and measurements made with models representing 
various test objects (i.e., mercury models with artificial 
flaws and specimens with varying conductivities and 
diameters) to develop their eddy current testing systems. 

An excellent survey of electromagnetic nondestructive 


tests, prior to 1950, was presented by McMaster and Wenk'* 
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in 1950. Their publication gives a list of related patents 
and operational features common to each of the methods 
listed. Another excellent contribution to the field was made 
by Libby'’~?°5, He presented many papers on the topic of 
multifrequency eddy current testing and has given an 
excellent introduction to the eddy current nondestructive 
test method in his book entitled "Introduction to 
Electromagnetic Nondestructive Test Methods"?5. In this 
book, Libby describes the basic principles, techniques and 
applications of eddy current testing in great depth, with 
the principles emphasized, making this book an excellent 
reference source for this thesis. Some other general purpose 
reference sources include papers by Forster'’, Libby?‘ and 
Hochschild?*. 

The remainder of this literature survey will be devoted 
to detailed studies of the basic eddy current principles. 
The electromagnetic field, flow of currents and formation of 


Signals will be investigated. 


2.3 Basic Eddy Current Principles 


2.3.1 Electromagnetic Induction 

It has already been shown that the main principle of 
the eddy current test method is electromagnetic induction. 
The principle of electromagnetic induction will now be 


discussed in greater detail. 
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By placing an electrically conductive test object 
adjacent to a test coil, varying currents may be induced 
into the object by the varying magnetic field created as a 
result of current flow through the test coil. In the same 
manner, the induced currents produce a varying magnetic 
field. The field associated with the test coil is commonly 
called the primary field, while the field associated with 
the test object is called the secondary field. In the case 
of nonmagentic test objects, this secondary field opposes 
the primary field to an extent that depends on the 
conductivity, size of the object and the operating test 
frequency. The electrical phase angle of the induced eddy 
currents vary according to the test object parameters and 
the test frequency. The phase angle of the secondary field 
varies in the same manner. 

In practice, the secondary field is monitored by 
observing its effects on the current or voltage of the 
primary test coil, or upon currents or voltages induced in 
secondary test coils placed near the primary test coil. The 
primary and secondary coils are commonly wound aS a pair, as 
illustrated in Figure 9a for a simple two loop case. An 
alternating current I, is applied to the primary loop, 
producing a primary magnetic field which induces an 
alternating emf in the secondary loop. This emf causes a 
current to flow in the secondary loop (I,). This current may 
be determined usSing Ohm's law, which states that the current 


is equal to the ratio of the final induced emf to the 
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Figure 9. Induced currents: a)simple two loop case; 


b)spatial flow of currents in a test object. 
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resistance R, of the secondary loop (i.e., I,= E;/R,). As 
indicated earlier, the secondary field opposes the primary 
field, thus the final induced emf will be consistent with 
the final existing magnetic field and secondary resistance. 

Given the situation in Figure 9b, where the secondary 
coil is replaced with a solid test object, the same basic 
events occur, but the currents flow over a larger volume. 
This large amount of current flow interacts, by 
electromagnetic induction, with its various parts, as well 
as with the current in the primary coil. As with the 
Situation in Figure 9a, the final induced emf will be 
consistent with the final existing magnetic field. Given a 
fixed excitation current, the total effect of the field 
conditions may be monitored by meaSuring the final voltage 
existing across the excitation coil. Variations in the test 
object (i.e., voids, creeks inclusions, etc.) which affect 
the flow of eddy currents within the test object may be 
detected by observing their effect upon the voltage. 

To illustrate the amplitude and phase relationships of 
a.c. Signals with the same test frequency, phasor diagrams 
are commonly used. Figures 10a and 10b illustrate the 
relationship between the excitation current, magnetic flux 
and coil voltage in a single test coil, with and without a 
test object present. Without a test object present, as in 
Figure 10a, the primary magnetic flux ¢, is in phase with 
the excitation current. No secondary magnetic flux is shown, 


since only a single coil is used and no test object is 
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Figure 10. Current and magnetic field phase angles: 


a)without test object; b)with test object. 
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present within the field of the coil. A very small secondary 
magnetic flux is present due to eddy current flow through 
the wire itself; however, the magnitude of this flux shall 
be considered negligible. With a fixed alternating current 

I applied to the test coil, a voltage is developed across 
the test coil which lags the excitation current by an angle 
of 90 electrical degrees. 

When a test object is placed within the test coil, as 
in Figure 10b, eddy currents are set up within the test 
object and a secondary magnetic flux ¢, is established. 
Vector addition of the secondary flux to the primary flux 
gives a new total flux d,- This total flux produces a new 
test coil voltage E, which lags ¢, by 90°. The same result 
may be obtained by considering the fluxes separately, 
producing their own induced voltages. The actual test coil 
signal voltage is F,; however, this voltage is not directly 
available. FE, may only be obtained by subtracting a fixed 
voltage, equivalent in phase and amplitude to the primary 
voltage —,.. 

With the principle of electromagnetic induction more 
fully understood, the principle operating variables of the 
eddy current inspection method may be examined. These 
variables include: a)coil impedance, b)electrical 
conductivity, c)magnetic permeability, d)skin effect, 
ejilait-off tactoryut) fill factor and gq)edge effect: Bach of 


these variables will be considered in the following section. 
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2.3.2 Operating Variables 


2.3.2.1 Coil Impedance 

When alternating current is flowing in a test coil, two 
limitations are imposed to the flow of current. These 
limitations include the alternating current resistance R of 
the wire and the inductive reactance X, of the coil. The 
alternating current resistance of an empty coil at low 
frequencies or having a small wire diameter is very nearly 
the same as the direct current resistance of the wire used 
for the coil. As either the frequency or the wire diameter 
increases, the ratio of the alternating current resistance 
to direct current resistance increases. The resistance 
component 1S proportional to the energy dissipated in the 
magnetic field of the coil. Inductive reactance, on the 
other hand, is the combined effect of inductance and 
frequency. The inductive reactance component iS proportional 
to the energy stored in the magnetic field. 

Both the resistance and inductive reactance make up the 
total resistance to flow of alternating current ina coil. 
The total resistance may be represented by the following 


equation: 


Z= R+jX, (10) 


where X,= wl= 2nfL (w is the angular frequency, f is the 
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frequency in Hz and L is the inductance of the coil). The 
total resistance Z is commonly referred to as the impedance 
and is expressed in ohms. The complex term, jX,, indicates 
that the alternating current and voltage in the system do 
not have the same phase angle. The complex operator /] is 
replaced with j to avoid possible confusion with the symbol 
j sometimes used to represent electric current. Equation 
(10) may be represented by a phasor diagram, as described in 
the following paragraph. 

The voltage drop across a coil is directly proportional 
to the impedance of the coil, in accordance with Ohm's law 
(E= IZ); thus, a phasor diagram representing the voltage 
drop across the circuit also represents the impedance of the 
circuit, where the horizontal axis represents the resistive 
or energy loss axis, and the vertical axis represents the 
energy storage or reactance axis, aS shown in Figure 11. 
Such a phasor diagram is called an impedance-plane diagram. 
Because each specific condition in the test object may 
result in a specific coil impedance, each condition may 
correspond to a particular point on the impedance-plane 
diagram. Impedance-plane diagrams have been studied 
extensively by such investigators as Forster and Stambke'‘, 
Hochschild?’ and Hagemaier?’®, 

Consider a circuit described by Libby’*, consisting of 
a primary excitation circuit and a secondary detection 
circuit, as shown in Figure 12. An impedance-plane diagram 


may be constructed which closely represents the condition 
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Figure 11. Impedance-plane diagram. 


Figure 12. Coupled circuit (simple conducting loop). 
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existing in a practical eddy current test. Both the primary 
and secondary circuits have an inductance and resistance 
component. The resistance in the secondary loop is variable. 
With R2=o (i.e., the loop is open) the voltage drop across 
the primary loop is equal to the product of the current and 
impedance (E=IZ); thus, the phasor OA represents the input 
impedance of the circuit for the open loop condition. 

léeks is varied from its infinite position toward zero, 
the input impedance will also vary until point B is reached 
(see Figure 12). The resistance component of the input 
impedance will then be the same as it was when R2 was set at 
its infinite position. The reactance component, however, is 
greatly decreased as a result of the secondary magnetic 
field. The current flowing in the secondary loop sets up a 
secondary field which opposes the primary field, resulting 
in a net decrease in the flux of the primary loop, thus 
lowering the apparent inductive reactance of the circuit. 
This example illustrates what might happen to the test coil 
input impedance if the test object resistivity iS varied. 

Impedance-plane diagrams have been investigated 
quantitatively as a conducting cylindrical model by Forester 
and Stambke'* and Hochschild’*. These authors presented the 
solutions for the total flux within a solenoid in a concise 
manner uSing Maxwell's equations. By applying Faraday's law, 
they then obtained the induced coil voltage, which 
represents the coil impedance. The final equation for the 


total flux threading the loop was derived as: 
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d<= 2muHor/k[ (bei'kr-jber'kr) /(berkat+ jbeika) ] 
+muH, (b2-a2) (11) 


where, 
u=magnetic permeability 
Ho=magnetic field intensity within a long 
empty coil 
a=radius of cylindrical specimen 
b=radius of coil 
k=propagation constant 
r=radial distance from centerline of coil 
ber=Kelvin Bessel real function 
ber'=Kelvin Bessel real first derivative 
bei=Kelvin Bessel imaginary function 
bei'=Kelvin Bessel imaginary first derivative 


Faraday's law for the induced voltage around any circular 


loop at radius pr is: 


e,= -d¢/dt= -d/dtsB-ds (12) 


Substituting (11) into (12) gives the equation for the 


induced coil voltage: 


@,= -wtuHo2r2/krl[ (ber'kr+jbei'kr) /(berkat jbeika] 
~ jwmuH (b2-a2) (13) 


By application of Ampére's circuital law, the magnetic field 
intensity within a long empty coil was found to be equal to 


the current sheath strength J, (i.e., Ho=I,). Rearranging 
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the terms in (13) and placing Ho=I, and r=a gives: 


e,= -wiul,[2a2/ka( (ber' kat jbei'ka)/(berkat+jbeika) ) 
+j(b2-a2)] (14) 


This voltage represents the impedance by the following 


equation (neglecting coil resistance and capacitance): 


£= -e,/1, (15) 


Substituting (14) into (15) gives the impedance of a one 
meter length section of an infinitely long, single-layer 


coil encircling a conducting cylinder: 


Z= wonyua22/ka [(ber'katjbei'ka)/(berkat+jbeika) ] 
+ jompu(b2-a2) (16) 


where w represents the angular frequency (w=2nf). Impedance 
concepts will be discussed in more detail at the end of this 


chapter. 


28.292 thlectrical meonduct ivi ty. 
The effect of conductivity, o, on the impedance-plane 


diagram may be illustrated by replacing the secondary coil 
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of Figure 12 with a solid test object, as in Figure 13. 
Given the same primary coil, a specimen with zero 
conductivity results in the same impedance as for the 
infinite resistance case in Figure 12, since conductivity is 
merely the reciprocal of resistivity. As the conductivity is 
increased, the impedance begins to change in the same manner 
as Figure 12, although at the higher conductivities the 
locus departs sharply from the circular path and approaches 
the limiting resistance R, at a 45° angle. The locus 
approaches R, at a 45° angle because the effective 
conductance and susceptance (i.e., the imaginary or complex 
term associated with conductance) of the metal vary due to 
the skin effect and the effective coupling between the 
exciting coil and the metal varies due to the redistribution 
of eddy currents. 

Several common nonmagnetic materials have been plotted 
on a conductivity locus in Figure 14. Point A represents the 
reactance of an empty coil and the impedance points for the 
various materials appear as a series of dots along a smooth 
curve, according to their respective conductivities. The 
lower conductivity materials typically have higher reactance 
values than the higher conductivity materials. As the 
conductivity is increased the test coil resistance appears 
to pass through a maximum, which is normally not as great as 
the corresponding maximum of an idealized curve. The reason 
for this is that the test coil, for an ideal case, is 


assumed to have infinite length, while a practical test coil 
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Figure 13. Coupled: cireuit (test«coil encircling a bar). 


Figure 14. Conductivity locus. 
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is typically very short. 

For a given metal, many factors influence the 
conductivity, notably temperature, composition, heat 
treatment and resulting microstructure, grain size, hardness 
and residual stresses. Since the test coil impedance changes 
with a change in conductivity, eddy currents may be used to 
monitor the composition and metallurgical characteristics of 
a metal. The use of eddy currents in this capacity will be 


discussed in greater detail in section 2.3.3. 


2.3.2.3 Magnetic Permeability 

The basic theory of magnetism and the modern theory of 
magnetism may be found in a number of sources?’~*', The 
basic principles of magnetism were first introduced by 
Faraday’? who, in 1845, discovered differences in the 
magnetization of materials, which later led to the 
classification of magnetic materials into three groups 
called diamagnetic, paramagnetic and ferromagnetic. Two 
additional classifications have been added since this 
discovery and are designated ferrimagnetic and 
antiferrimagnetic. 

Maxwell also contributed to the study of magnetism and 
has supplied an equation relating magnetic flux density B 


and magnetic field intensity or magnetizing force H: 


B= uH C07.) 
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where wp is the magnetic permeability of the material. In 
free space the value of the magnetic permeability uo is 
47x10°-’7 H/m. In ferromagnetic metals uw varies as a function 
of the degree of magnetization; thus, the relationship 
between B and H differs from linearity. 

Ferromagnetic metals and alloys, including iron, 
nickel, cobalt and some of their alloys, act to concentrate 
the flux of a magnetic field. The presence of a magnetizing 
force causes atomic magnetic elements of the magnetic 
material to become aligned with the field, increasing the 
magnetic flux density. Maxwell's relationship describes this 
effect on a macroscopic scale. An increase in flux density 
gives a greater induced voltage in the test coil, thus 
raising its impedance. The increase in impedance is 
primarily in the reactance direction, except for the effect 
of a small amount of energy loss resulting from magnetic 
hysteresis and conduction losses. 

The increase in reactance obtained by placing a 
magnetic material in a previously empty coil, as illustrated 
in Figure 15, is the distance between point O and point A. A 
material with a relative permeability or permeability factor 
of 2 would double the length of the reactance component OA. 
Permeability factors of 100 or more are not uncommon; thus, 
the impedance of the test coil may be greatly increased. 
Impedance plots for relative permeability values of 1, 5 and 
10 are illustrated in Figure 15. Test objects also have an 


associated conductivity that makes the impedance change 
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Figure 15. Magnetic permeability effects on test coil 
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resulting from permeability occur ina different direction, 
as shown by the small arrows in Figure 15. 

The eddy current test is very sensitive to test object 
magnetic permeability variations. This often results in 
misleading test signals; however, the magnetic effects may 
be reduced by use of a magnetic saturation technique, 


discussed later in this thesis. 


Meow ee Skin Bifect 

Another phenomenon of the flow of eddy currents in a 
test object is the "skin effect", perhaps one of the most 
outstanding characteristics of eddy current flow. As eddy 
currents flow in a conducting material, the currents become 
concentrated near the surface of the material adjacent to 
the excitation coil. This effect increases with an increase 
in either the test operating frequency, test object 
conductivity, or magnetic permeability. As the depth below 
the surface 1S increased, the current amplitude decreases 
exponentially and the phase angle of the current becomes 
increasingly lagging. 

The skin effect phenomenon may be explained in a number 
of ways. In one explanation, eddy currents flowing in a test 
object at a given depth are shown to produce magnetic fields 
at a greater depth which oppose the primary field, thus 
reducing its effect and causing a decrease in eddy current 
flow as depth increases. In another explanation, the skin 
effect is caused by the absorption of energy from an 


electromagnetic wave as it progresses into the test object. 
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The change of current density with depth, or skin 
effect, has also been described quantitatively by use of 
Maxwell's second equation, which relates current density to 


magnetic field intensity: 


VxH= J (18) 


or dH, /dx= -dy (19) 


Libby?*® derived the equation for H,: 


H.= Ho exp[-((1+j) /V2) Voucx] (20) 


Now substituting (20) into (19) gives: 


Jy= -d/dxtHo expl-((1+j)/VZ)Vouox]] (21) 
o-oo /2)e- “«Hemexpl— (It yp) topes?) * =x) (224 


The surface current density Uo may be found by placing x=0 


rh pn) Gear), en 


Jox (Gt) (ou /2)"*) Ho (23) 
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Combining (22) and (23) gives: 


Uy=UGexp aut) vama/2) 2x] (24) 


With this equation, the current density may be determined 
for any depth x from the surface of a test object. The value 
of x for which the exponential component is equal to unity 
is called the skin depth, standard depth of penetration, or 
depth of eddy current penetration under plane wave 
conditions. The standard depth or penetration is usually 


represented by the symbol 6, so that 


(apo/2)'? *- 6=1 C25) 


for the above statement. 

The standard depth of penetration may also be defined 
as the depth at which the density of eddy currents is 
reduced to 1/e times its value at the surface. Equation (24) 
may be illustrated graphically, as in Figure 16a. 

Solving for 6 in (25), the standard depth of 


penetration equation may be found: 


&=2(2/one )On*st (emt) ** 2 (26) 
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Figure 16. The skin effect: a)variation of eddy current 
density as a function of depth; b)variation of eddy current 


phase angle as a function of depth. 
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where, f= frequency 
uM= magnetic permeability (=47x10~-’ H/m for 
nonmagnetic materials) 


For magnetic materials: 
M=U,Uo 


where, u,= relative permeability 
Mo= 4m7x10°7 H/m, the magnetic permeability 
of free space 


The phase angle lag, using the phase angle of the 
current density at the surface as a reference angle, is 


given by: 


@= x(afpo) 1%2=cx/8 (27) 


where @ is the phase angle lag, in radians. Equation (27) is 
illustrated graphically in Figure 16b. 

The standard depth of penetration is normally used if 
it is desired that eddy currents are to penetrate an upper 
layer, through a faying surface for example, to detect 
anomalies in a second layer. If, however, thickness 
variations of the part are not to influence the test, the 
effective depth of penetration is used. The effective depth 
is defined as the depth at which the eddy current density is 
reduced to 5% of its value at the surface and, hence, 


thickness effects are no longer noticed. The effective depth 
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is calculated as follows: 


6, = 2.6/(mfuo)'/? 


or 6, = 2.68 (28) 


The skin effect may be troublesome in applications 
where a large amount of penetration is desired. The skin 
effect may also be useful. By properly calibrating an eddy 
current instrument, it is possible to measure material 
thickness because of the varying reponse to thickness. 
Figure 17 illustrates the effect of changing material 
thickness on the impedance-plane diagram. As indicated by 
the curves, meaSurements of thickness by the eddy current 
method are more accurate on thin materials than on thick 
materials. The opposite is true of thickness measurements 
made by the ultrasonic nondestructive testing method; thus, 


the two methods complement each other here. 
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When alternating current is applied to a probe 
inspection coil the inspection instrument will give some 
indication even if there is no conductive material in the 
vicinity of the coil, as shown in Figure 18. As the coil is 
moved closer to the material, the impedance will change 
until the probe makes contact with the material, as shown by 
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Figure 17. Typical material thickness loci. 
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Figure 18. Lift-off loci on the impedance plane. 
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corresponds to the conductivity of the specimen. The change 
in indication with changes in the spacing between the coil 
and test object is known as "lift-off". Normally the changes 
along the lift-off loci are logarithmic, where the largest 
change in impedance occurs when the probe is near the test 
object. 

The lift-off effect is so pronounced that small 
variations in spacing may mask the indications resulting 
from the conditions of primary interest (i.e., cracks, 
inclusions, etc.); consequently, it is uSually necessary to 
maintain a constant spacing between the test object and 
inspection coil. The lift-off effect also causes 
difficulties when inspecting a complex shape. Although 
lift-off may be troublesome in many applications, it may 
also be useful. By utilizing the lift-off effect, the 
thickness of nonconductive coatings on metals, such as paint 
Or anodized coatings, may be measured. 

When an encircling inspection coil is used for eddy 
current testing, a condition comparable to lift-off exists 
and is known asiw’fill] factor”. Fill. ftactor is-thesmeasure of 
how well the part being inspected fills the coil (i.e., the 
ratio of coil diameter to specimen diameter). As with 
lift-off, the fill factor is pronounced, making it necessary 
to maintain a constant fill factor to avoid masking of 
Signals. Impedance changes which occur due to a change in 
fill factor are very similar to those which occur due to 


lift-off. Fill factor may be used as a rapid method for 
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monitoring variations in the outside diameter of rods and 


tubes. 


Zecee.0 Bdge BELect 

When a test coil is moved near the edge of a test 
object, the eddy currents become distorted, as they are 
unable to flow beyond the edge of the object. The distortion 
of eddy currents results in an indication known as "edge 
effect". This effect produces a response similar to the 
lift-off response, but unlike lift-off, little can be done 
to eliminate edge effect. The magnitude of the effect is 
very large, thus limiting inspection near the edges of a 
test object. A reduction in coil diameter may lessen the 
effect somewhat, but there are practical limits to the size 


of coil which may be used for a given application. 


2.3.3 Impedance Concepts 

It iS immediately recognized, from the previous 
section, that the impedance-plane diagram is a useful tool 
in eddy current testing. The impedance-plane diagram may be 
used to monitor a number of test and test object conditions, 
including: electrical conductivity, magnetic permeability, 
specimen thickness, coating thickness and the presence of 
inclusions, voids or cracks. By utilizing the phase 
relations and amplitudes of the test responses obtained from 
such conditions, two or more of these conditions may be 
separated from one another or characterized. Hagemaier’’® 


presented a good overview of impedance-plane analyses, while 
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Forster'®:'® described, in detail, the effect of 
conductivity changes, thickness changes, lift-off and edge 
effect on the impedance-plane diagram in sections one, two 
and three of his articles. Hochschild?’ also presented a 
Summary of eddy current testing by impedance analysis. 

Figure 18 may be used as a Simple illustration of 
lift-off versus conductivity on the impedance-plane diagram. 
This figure shows the change in separation angle @ between 
the conductivity locus and lift-off locus with a change in 
conductivity. High conductivity materials, such as copper, 
have a larger separation angle than lower conductivity 
materials, such as titanium. As a result, the lift-off and 
conductivity variables may be separated with greater ease 
when inspecting materials of high conductivity. 

In all cases, it should be realized that frequency 
affects the impedance-plane diagram. Figure 19 illustrates 
the effect of test frequency on the conductivity and 
lift-off curves for nonmagnetic alloys. A change in 
frequency results in a nonlinear shift of the points along 
the conductivity locus. This phenomenon may be used 
advantageously, since it allows the conductivity points to 
be located for either optimum response or suppression. In a 
specific application, a frequency is chosen that causes the 
conductivity points for the variable to be measured to move 
in a substantially different direction from those points to 
be suppressed. Figures 19a, 19b and 19c show how the angle 


of separation between conductivity and lift-off may be 
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Figure 19. Frequency effects on the impedance plane. 
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Figure 20. Metal thinning on the impedance plane. 
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increased by increasing the frequency. In general, for 
conductivity measurements and surface crack detection a 
frequency is chosen which places the material or 
conductivity point just below the knee on the conductivity 
curve. At this point a large separation angle exists between 
the lift-off and conductivity curves. 

Metal thinning may also be analyzed using an 
impedance-plane diagram. Figure 20 illustrates the thickness 
curve for aluminum relative to the conductivity locus and 
lift-off loci. Using an operating frequency of 20 kHz or 
higher, the thickness locus cuts across the conductivity 
locus in two places. This occurs because the eddy currents 
are penetrating the specimen at a value of 6. At lower 
frequencies (10 kHz or lower) the loop in the thickness loci 
is less pronounced, since the depth of penetration (6) is 
greater than at the higher frequencies. Because of the 
nonlinearity of the thickness points on the locus, 
measurements of thickness by the eddy current method are 
more accurate on thin materials than thick materials. 
Although more accurate measurements are obtained with thin 
materials, the angle of separation between the lift-off loci 
and thickness locus is less with thin materials; therefore, 
the lift-off should be maintained constant when testing thin 
materials to avoid misinterpretation of the results. 

Figure 18 illustrates the lift-off effect when a 
conductive material is coated with a nonconductive material. 


Conductive coatings, on the other hand, result ina 
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AIR 


(a) 


(b) 


Figure 21. Coating thickness on the impedance plane: 
a)aluminum coating on thick copper plate; b)copper coating 


on thick aluminum plate. 


different impedance-plane diagram. Figure 21a shows the 
impedance locus for a low conductivity coating on a high 
conductivity material. The movement of the test coil 
impedance is clockwise and approaches the point 6, on the 
conductivity locus corresponding to thick aluminum. The 
opposite is true when a low conductivity material is coated 
with a high conductivity material (Figure 21b). The movement 
of impedance with increasing thickness is not linear, rather 
the deflections for subsequent equal thickness changes 
become less as the thickness increases; thus, the 
measurement of plating thickness by the eddy current method 
is more accurate on thin materials. In general, the 
thickness loci of Figures 21a and 21b spiral with increasing 
curvature in a clockwise direction. The start of the spiral 
approximates a straight line, but as the thickness increases 
the spiral becomes more pronounced. The degree of spiraling 
and shape of the curve varies as the operating frequency is 
changed, therefore an operating frequency is selected to 
obtain the maximum response to thickness changes. 

Perhaps the most frequent use of the eddy current 
inspection method is finding surface cracks in aircraft 
structures. The impedance-plane analysis technique is a 
useful tool in such testing. It allows for the separation of 
variables on the impedance plane. Figure 22 shows the crack 
response relative to the lift-off and conductivity loci for 
aluminum alloys. Such a test response allows for quick 


detection of. cracks in aircraft parts. 
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CRACK 


LIFT-OFF 


Figure 22. Cracks on the impedance plane. 
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Figure 23. Direction of surface and subsurface cracks on the 


impedance plane. 
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Eddy current testing has also been used to detect 
subsurface cracks in aircraft structures using low-frequency 
techniques**. Hagemaier and Steinberg showed that subsurface 
cracks in aluminum up to 0.35" (8.9 mm) in thickness could 
be detected at 100 Hz and showed methods of determining the 
length of these cracks. No reports of uSing conventional 
eddy current techniques for inspection to greater depths 
have been published. 

Figure 23 shows how through-thickness cracks in second- 
and third-layer aluminum structures appear on the 
impedance-plane diagram. The surface crack response runs 
approximately parallel to the lift-off locus, the 
second-layer crack response parallel to the conductivity 
locus and the third-layer crack response to the right of the 
conductivity locus. The shift in phase of the crack signals 
is associated with the skin effect and is to some degree 
dependent on the probe design, as will be shown in the 
experimental section of this thesis. 

In each example, it was observed that linear material 
values did not necessarily produce linear responses on the 
impedance-plane diagram. Lift-off, edge effect and plating 
thickness changes produce logarithmic changes; metal 
thinning and material spacing or separation produce 
exponential changes; conductivity and permeability changes 
vary with test frequency in a nonlinear fashion. 

In general, test responses may be improved by selecting 


the optimum operating frequency’*, by rotating the results 
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on the impedance plane and by increasing or decreasing the 
vertical and/or horizontal gains on the cathode ray tube 
used to display the test signal responses. The optimization 
of test coil responses is also dependent on the physical 
characteristics of the test coil. Smith and Dodd** describe 
a method of maximizing the lift-off effect by adjusting the 
physical dimensions of the test coil. Dodd, Deeds and 
Spoeri*®® describe some methods for optimizing flaw detection 
by changing the coil configuration and dimensions, as well 
as the operating frequency. Dodd, Deeds, et al.*°*~** have 
also presented some solutions for the test impedance 
functions for various test object conditions. They have also 
produced computer programs for the calculations used in 
these solutions. 

The impedance-plane analysis technique is clearly a 
useful tool in eddy current nondestructive testing. It 
clearly delineates many of the test and test object 
conditions typical to the eddy current test, thus providing 


for better interpretation of test coil responses. 


2.4 Survey Summary and Conclusions 

The basic principles discussed in this section of the 
thesis provide the foundation for development in the field 
of eddy current nondestructive testing. It was shown that 
electromagnetic induction is one of the key principles of 
the eddy current test method and that the fundamental system 


variables which affect the induced emf include: 1)the test 
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object conductivity, 2)the test object permeability, 3)the 
skin effect, 4)lift-off and fill factors, 5)the edge effect 
and 6)the presence of test object flaws, such as cracks. It 
was also shown that the test coil operating frequency, test 
coil configuration and test coil size affect the induced emf 
and ultimately the test coil impedance. 

Although it has been shown that eddy current 
impedance-plane analysis is a powerful means of evaluating a 
wide variety of material conditions, the separation of 
variables is not always simple. Unusual test object geometry 
or test system requirements may limit the ability to 
separate the test object variables using phase relations. As 
a result, special electronic circuitry and coil designs are 
used for special applications to maximize the response to, 
and separation of, test object variables. Regardless of the 
complexities involved, eddy current testing has become a 
common nondestructive testing technique. In particular, the 
eddy current testing method is used extensively in aircraft 
maintenance inspection and tubular goods inspection, 
particularly for the detection of surface and subsurface 
cracks. 

To date, no work has been published on the use of 
conventional eddy current nondestructive testing techniques 
for the through-transmission inspection of thick Sections. 
The subject of this project is the inspection of weld beads 
in 1/2" (12.7 mm) thick aluminum alloy plate using a 


low-frequency eddy current through-transmission testing 
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technique. Several limitations of conventional eddy current 
testing are encountered. The skin effect limits inspection 
at high frequencies, thus limiting the sensitivity of the 
test coil and separation of the test coil responses. The 
effect of lift-off is also a problem, as the crown profile 
of a weld bead varies along its length. Edge effects, a 
problem in most eddy current applications, are also 
prevalent. 

The major goal of the following experimental studies 
was to overcome the adverse nature of these effects by coil 
design and/or optimization of the coil's response using 
electronic phase discrimination circuitry and filters. 
Characterization of the test coil responses using 
impedance-plane analyses was another goal in this project. 
The design, construction and operation of the eddy current 
system (including the test coils) will be explored in the 


remainder of this thesis. 
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3. Experimental Procedure 


3.1 Materials 

Aluminum alloys were chosen as the test object material 
for this project. Aluminum was chosen, since the depth of 
penetration of eddy currents is high in aluminum and 
magnetic permeability effects are not present. As a result, 
it was possible to keep the number of operating variables to 
a minimum. For example, if steels were used then the 
penetration of eddy currents would be low, limiting the 
inspection to thin sheets, rather than plates. In addition, 
the effects of magnetic permeability would complicate 
impedance-plane analyses. 

Two types of aluminum alloys were used: type 5083 in 
the as-received (cold-rolled) condition and 6061 with a T6 
temper. Two alloys were chosen so that conductivity changes 
on the impedance plane could be analyzed. In all cases, 
1/2"Tx3"Wx12"L (12.7mm x76.2mm x305mm) plates of aluminum 
were used to produce the test objects. The final dimensions 
of the test object were governed by the size of the probe, 
since edge effects were undesirable. The filler wire used 


for all the welds was type 5356. 


3.2 Specimen Preparation 
To provide sufficient clearance between the probe and 
edge of the test object two plates of aluminum were welded 


together, resulting in the final dimensions of 
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1/2"Tx6"Wx12"L (12.7mm x152mm x305mm) for each test object. 
In all, three test objects were constructed. In each case, 
the plates were restrained to provide minimal distortion of 
the weldment. 

In the first case, two 5083 plates were welded together 
uSing the gas metal-arc welding process (GMAW). A square 
groove butt joint preparation with no root opening was used. 
By running a single partially penetrating weld bead over the 
groove on each side of the plate, a test object containing 
an incomplete penetration flaw (IP) was produced. To 
complete the preparation, the crown of the weld bead was 
removed from both sides of the plate for half the length of 
the weld by milling. The weld specimen is illustrated in 
Figure 24 (specimen 1). 

In the second case, two 5083 plates were welded 
together using the gas tungsten-arc welding process (GTAW) 
and a double-V-groove butt joint preparation with no root 
opening. The groove angle was 90° and the weld was made 
uSing a multi-pass technique. With one side of the plate 
welded, holes of varying diameters were drilled into the 
weld metal and covered by subsequent welds on One opposite 
side of the plate. In this manner, voids resembling porosity 
were left near the center of the weld bead. To simulate 
large isolated pores (LIP) a 0.22" (5.6 mm) diameter drill 
bit was used. To simulate cluster porosity (CP) both a 1/16" 
(1.6 mm) diameter and 5/64" (2.0 mm) diameter drill bit were 


used. The depths of all the holes were approximately 1/4" 


j >. a 
A Val 
i. we 


_ 


| eeeo i306 at! 


6 wots ogaéb 


: - me hy aa 
i ry 
i rai : ae » ne 
Te. a : aa 7 Ss ar 
rs 7 
er eee Por 


ati 


y 


' ie Naa nay teh a pn ; 
rarigeoo? behiow ew ern ow? eae : a dy) at aie ; 

\eabupe A . (Rau ee one Leven ? are os enter i 
ad7 deve Aaod bisy ppedeaieeeg¢{ (ei 2aaq: sieaiailey gambar ae ; 
Psa rsinos 3 safe dzon $ .92alq eit 8c obte. ; Me SsvOOID | uit , 


of , fs shen, 2a" tert) vel? sotieraenalaaine Pe . 


aev. fiecd biaee a 72 WOT od3. il 
jo ddere! ows high tee erelg on 36) aebis dod ao73 bovomet 
ni beterteulht ai nomd 2eiger biew ‘oth Sontttieemeyaton ott 

Th eT ama ys ae 

ra hha tiba ‘gay 25oatq wd0e ov! S287 bate f nt i - | 
(WATD) 2242059 paiblev 23@PReIaornU!s agp ett.) as ivagod 

Bet ©. iba aOt Tete 1g) Bekok - sud) vidio ng ps bas 

shen eau Ricw.eded bas beens lone went 

sil pti ig ee ae. ce al sup iniees, J 

ene o7n: G5 lak 275 anedoneie eajysey ies 

sitiedeqo 242 fa! ahie» sneppaadue xd Bgre%09 | 

oe ere > 

Peer 


Yligrieg pn Camedia sbiow s Rin 


Sea tim} 2 of. fb 


fia 2 Tome LB | win 7 lie 


ane, 


‘eth 6 dood” | | ; 
| " ee agin 
a Lieb mA 
ia cig ans i , i a a 


hic ii a | 
A % " dis ; - i ip? ip il rie) 
mark a : © 2 7 
We 


Vs See 


63 


12" (305mm) 
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Figure 24. Specimen 1 - Artificially produced incomplete 


penetration flaw. 
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Figure 26. Specimen 3 - Artificially produced incomplete 
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(6.35 mm). The weld specimen is illustrated in Figure 25 
(specimen 2). 

In the third case, two 6061 plates were welded together 
in a manner similar to that described for specimen 2, except 
that the central portion of the plate did not have a 1/4" 
(6.35 mm) V-preparation. In this case, a 1/8" (3.2 mm) 
V-preparation was used for the central 2" (50.8 mm) of the 
weldment. In this manner, a narrow gap, approximately 1/4" 
(6.35 mm) deep, was obtained in the central portion of the 
weldment, Simulating an incomplete penetration flaw. The 


weld specimen is illustrated in Figure 26 (specimen 3). 


3.3 Verification Tests 


3.3.1 Radiographic Nondestructive Tests 

To support the results obtained by these studies, an 
alternate means of examining the test specimens was 
necessary. The first and most ideal verification test for 
this project was the radiographic nondestructive inspection 
technique. It was most ideal, since the actual image of the 
flaw is recorded on photographic film, thus resulting in 
less disputable flaw indications. 

To obtain the film records, a conventional X-ray tube 
was used as the source of radiation. X-rays were chosen over 
gamma rays, Since they provide greater resolution when 
examining 1/2" (12.7 mm) thick aluminum plates. The 


resolution obtained from gamma ray Sources is poor, since 


4 nei mee 4. ashi & 


ra q an 


Bi 


agin 3 coi Sl : 


4 ut 
ve * 


- mgs i - is 3 et amt " > 


‘i \ re vei Riis i fy 7 
a 4 Wy, oa abe r 
4 ai cn Shey ‘nm 82a a ts) d fone ods Sai oau ae 


i} ithe J 
MOE), yi sdtamix! dap hia onsen . 
wae to aoidi99 ax gied eats el font aato 2 


: \ ye mri) ? . So, 
ott | «WE isa tt vs Ky ies 
ie Asm? ogee wets ak ees 


ih "« "| We / Ye, J 
We : “ , = 


7 ° 


Ln eee 
ati A GR | 


WMe zhi 2 stands ye Gt veade 
“i lla Sei ) eat pega seer, one: antonoen 30 ie : : 
WON de- nga sear a oe. ee 


ma 


co ay uf i 7” i 
AERO TS PS Ate ical iad 4 £ M conf i 


“oi aie i Nis \ ; 
aay i wy cnr? fay te. ‘Sct Mm tes sit 


yao ‘enon o1ow 8 
debe 


onl he 


noe 


; me i, ‘ 
ns ali Lh i ie 


Tea 
ie if hi 


67 


the intensity of gamma radiation is far too great for 
radiographing such thin sections of aluminum. X-ray sources 
also provide more flexibility, since the penetration of 
X-rays can be varied by adjusting the tube voltage. 

Test specimen 1 was radiographed to an image quality 
level of 2-4T, specimen 2 to a level of 2-4T and specimen 3 
to a level of 5-1T. These image quality levels correspond to 
an equivalent sensitivity of approximately 3%. Equivalent 
sensitivity is based on the visibility of the 2T hole in an 
ASTM or ASME plaque-type penetrameter. Positive prints were 


made from the film records. 


3.3.2 Ultrasonic Nondestructive Tests 

The second verification test used in this project was 
the ultrasonic nondestructive inspection technique. 
Ultrasonic tests were performed to determine the depth of 
the incomplete penetration flaws in specimens 1 and 3. To 
perform the tests, a Sonatest (Model UFD.1) ultrasonic flaw 
detector was used in conjunction with a 60° aluminum angle 
probe. The sensitivity of the instrument was adjusted by 
monitoring reflections off a 0.060" (1.5 mm) diameter hole 
drilled in each plate. Scanning was done manually, using 


methods prescribed for scanning weld beads in flat plate. 
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3.4 The Eddy Current Test System 


3.4.1 Basic Test System Configuration 

The basic eddy current test system, as illustrated by 
the general line diagram in Figure 27, consists of : 1)an 
inspection coil or set of coils, 2)a test object placed 
within or adjacent-to, the test coil,-—3Jane-acc. function 
generator, 4)amplification circuitry, 5)detector or 
demodulation circtétry, 6)filtering circuitry, 7)an output 
display in the form of an oscilloscope, chart recorder or 
meter and 8)material handling equipment. The test system is 
generally divided into seven main operational functions 
which include: 1)coil excitation, 2)signal modulation, 
3)Ssignal preparation, 4)signal demodulation, 5)signal 
analysis, 6)signal display and 7)test object handling. The 
functions are related to one another, as illustrated in 
Figure 28. 

The signal generator supplies the excitation current to 
the test coils. The test coils are labeled "test coil 
assembly" since a wide variety of test coil configurations 
are available for eddy current testing. The signal generator 
may be a single-frequency sinusoidal (a.c.) generator with 
power amplifier, a multiple sinusoidal waveform generator 
with power amplifiers, or a pulse generator with power 
amplifier. Normally a variable frequency a.c. generator with 
power amplifier is used for general purpose eddy current 


testing. Signal modulation occurs as a result of the 
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Figure 27. General line diagram for an eddy current 


system. 
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Figure 28. Operational functions of the eddy current 


system. 
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interaction between the electromagnetic field of the test 
coil assembly and the test object. 

The signal preparation portion of the test system 
consists of circuits which alter the signal output of the 
test coil assembly before applying the signal to the 
demodulation and analysis functions. These circuits consist 
of a.c. compensating or balancing networks which subtract a 
steady a.c. component from the input signal so that the 
amplifiers do not need as large a dynamic range as otherwise 
would be necessary. Filters are included at this stage to 
improve the signal-to-noise ratio. Amplifiers are used in 
this stage to raise the signal to the desired level for the 
demodulation and analysis process. 

The demodulation and analysis stage comprises of a 
detector and an analyzer. The detector is usually either a 
Simple amplitude detector or an amplitude-phase detector. If 
an amplitude-phase detector (often termed phase selective 
detector) is used, a reference signal must be furnished by 
the generator, as shown by the dashed line in Figure 27. 
Sampling circuits and discriminators may be included at this 
stage, as well as various types of summing and comparison 
circuits. Filters may also be included at this stage for 
filtering the demodulated signal to accentuate or 
discriminate against certain characteristics of the signal. 

The final display of results is obtained at the display 
Or indication stage. The signal may be displayed by use of 


meters, recorders, cathode-ray tubes, light alarms, audible 
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alarms, relay outputs, or automatic reject equipment. 

Test object handling demands may vary depending on the 
nature of the test. The equipment required for test object 
handling may be either very simple or very complicated in 
mechanical design. In some tests, the test coil assembly is 
designed so that it is positioned and held manually. In this 
case the test object handling demands are minimal. In other 
cases, mechanical devices are used to feed the test object 
past the test coil assembly so that the tests can be made 
rapidly under uniform conditions. Such tests normally 
require complete automation, thus require a more complicated 


mechanical design. 


3.4.2 Amplitude-Phase Detector System 

The single most common detector system used in eddy 
current testing equipment is the amplitude-phase type, which 
provides both amplitude discrimination and phase 
discrimination of the test coil output signals. Since both 
amplitude and phase are monitored, the output display is in 
the form of an impedance-plane diagram making this type of 
System a logical choice for multipurpose use. Such a 
detector system was used in this research project. 

The eddy current test instrument used for this project 
is shown in Plate 1. The instrument used, manufactured by 
the Dr. Forster Institute, was the Defectomat (Model 
F2.825.03). A block diagram for this system is shown in 


Pagures2 9. 
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3.2 SENSITIVITY CHANGEOVER 


COMPENSATION 
SPEED MATCHING 
HIGH-PASS FILTER 
BAND-PASS FILTER 
LOW-PASS FILTER 


Oo om ron WY 


PHASE ADJUSTER 
ANALYSIS 

SIGNAL TRANSMITTER 
DATA OUTPUT 
EQUIPMENT CONTROL 


Figure 29. Block diagram for the Defectomat system. 
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The signal generator, referred to as the transmitter in 
Forster literature, supplies the connected test coil 
assembly with the excitation current which may be 
preselected over a wide range of frequencies. The frequency 
changeover switch permits reproducible frequency settings 
between 100 Hz and 1 MHz in 1% steps of the adjusted 
exponent. 

The voltage produced in the coil assembly is called the 
Carrier voltage. The amplitude and phase of the carrier 
voltage 1S modulated by the data of the signal produced by 
an inhomogeneity in the test object, as described in the 
theoretical section of this thesis. The input stage or 
receiver section accepts the carrier voltage and amplifies 
it. Amplification is adjustable by means of a test coil 
level control. This control permits adjustment of the level 
between 0 and -24 dB in 6 GB increments. 

The heart of the eddy current testing instrument is the 
demodulation and analysis stage. The amplitude-phase 
detector used in the Defectomat allows for use of the 
impedance-plane or phase discrimination technique to 
discriminate against unwanted test variables. Demodulation 
is accomplished by phase-selective rectification. A 
sensitivity changeover and compensation control is also 
included at this stage. The sensitivity changeover control 
permits changes in the amplification level between 0 and 
69.5 dB in 0.5 dB increments. A compensating or nulling 


circuit is provided to compensate for excessively high input 
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Signals which would normally exceed the dynamic range of the 
display instrument. In this case, the voltage components 
representing the inductive reactance and resistance are 
automatically nulled or zeroed by this device. The circuitry 
used for the nulling is essentially an advanced a.c. bridge 
design. 

After demodulating and amplifying the carrier voltage, 
the X and Y components of the Signal are fed into a Series 
of filters. Three filter modes are available for testing. A 
low pass filter is selected for purely static signal 
displays, a band pass filter is selected for scanning at 
constant speeds and a high pass filter is selected for 
scanning at variable speeds. In each case, a filter 
frequency control is used to select the relevant limit and 
center frequencies. 

Before passing to the output display the conditioned 
Signal is routed through a phase rotating device where the 
position of the complex output signal may be rotated through 
360° in 10° steps. This device enables the phase position of 
any desired signal to be rotated to the most favourable 
direction for evaluation. At this stage, the signal is also 
prepared for display and recording. 

At this point, the signal is ready to be displayed. The 
test system iS equipped with an X-Y storage oscilloscope, 
digital voltmeter, strip chart recorder for slow changing 
test signals and analog outputs for connecting external 


Signal recording and processing devices. The full scale 
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output of all these devices is +1V. The oscilloscope enables 
the operator to evaluate the data using impedance-plane 
analyses, while the chart recorder allows for modulation 
analyses. During modulation analysis the X,Y or vector sum 
voltage output is recorded on a strip chart which is 
synchronized to the speed of the mechanism handling the 
probe assembly or test object. 

In addition to the above, the test signals may be 
analyzed using two adjustable trigger thresholds equipped 
with signal lamps. Three methods of evaluating the test 
Signals exist. These methods are illustrated in Figure 30. 
The low flaw threshold A can be adjusted between 10 and 100% 
of the full CRT screen, which represents +1V, in 10% steps. 
The flaw threshold B can be adjusted in the same manner. If 
the signal exceeds the preset trigger thresholds (i.e., the 
cross-hatched area in each illustration) a signal is given 
on the indicating lamp. In the case of the sector-amplitude 
method, the evaluation sector can be varied from +10° to 
+80° in 10° steps. Using any of these methods, two test 
variables may be monitored at the same time, although the 
sector-amplitude method provides more flexibility than the 


other two methods. 


3.4.3 Test Coil Assembly Handling/C-scan Equipment 
The test object handling demands for this project were 
minimal. The aluminum plates remained stationary while the 


probe assembly was moved along the length of the weld bead. 
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(c) 


(b) 


(a) 


Figure 30. Evaluating monitors: 


a)Y-component evaluation; 


b)amplitude evaluation; c)sector-amplitude evaluation. 
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The equipment used to move the test coil assembly was 
elaborate; a system normally used for ultrasonic immersion 
C-scans. Plate 2 shows the overall C-Scan system, consisting 
of (from left to right): 1)a mechanical X-Y scanner assembly 
Supported by an acrylic plastic tank (Techno Scientific 
Inc.), 2)an X-Y chart recorder (Hewlett Packard, Model 
7041A) and 3)power supply/microcomputer controller/x-Y 
recorder interface (Techno Scientific Inc.). 

The X-Y scanner provides 18" (457 mm) of travel along 
the Y-axis and 16" (406 mm) along the X-axis and is equipped 
with a scanning head which allows for +14° of rotation in 
the Y-Z plane and +20° in the X-Z plane. The X and Y 
movements of the scanning head, along a preprogrammed 
zig-zag pattern, are microcomputer controlled. The scanning 
speed (up to 0.5"/s or 12.7 mm/s), length of scan and number 
of scans are set by hexadecimal programming of the 
controller. Manual control of the scanning head is also 
possible. 

The X-Y recorder interface and X-Y chart recorder 
provide a means of obtaining C-scans. By adjusting the 
threshold on the interface, the chart recorder pen is made 
to either lift or drop if the analog signal input exceeds 
the preset threshold. The X-Y interface also provides 
Synchronization of the X and Y movements of both the chart 
recorder and X-Y scanner. By properly adjusting the 
controls, flaws detected by ultrasonic or eddy current scans 


are plotted on the X-Y chart recorder in map form. The 
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Plate 2. Test coil assembly handling/C-scan equipment. 
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recorder output is actually an outline of the flaw, by line 
shading or, alternatively, by the absence of line shading. 
Such a scan is commonly referred to as a C-Scan. 

To minimize the possibility of any interferences to the 
magnetic field produced by the probes, the probes were 
mounted to the scanning head via an acrylic plastic holder, 
as shown in Plate 3. The holder allows for 5" (127 mm) 
separation of the excitation and sensing coils and keeps the 
coils in constant alignment. Plate 4 shows the probe 


assembly scanning along the length of a weld bead. 


3.4.4 Test Coil Configurations 

To complete the eddy current test system, the test coil 
assembly must be included. The importance of the test coil 
assembly cannot be overstated. The test coil assembly is the 
link between the eddy current test instrument and the test 
object. Its design is a major factor in signal modulation 
and, ultimately, in the performance of the eddy current test 
system. 

The orientation of the test coil assembly is also 
important, Since it determines, to a large extent, the 
direction of flow of the eddy currents within the test 
object. It 1S essential that the flow of eddy currents be 
kept perpendicular to the flaw to obtain a maximum response 
from the flaw. If the flow is parallel to the flaw there 
will be little or no distortion of the currents; hence, very 


little response is obtained from the flaw. AS a consequence, 
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Plate 3. Probe assembly mount. 


Plate 4, Horizontal scanning of a 


weld bead. 
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a large number of coil configurations are available for a 
variety of uses. 

Among the large variety of testing coils employed in 
eddy current testing, three main prototypes exist. These are 
illustrated in Figure 31. Figure 31a illustrates an 
encircling coil used for testing bars and tubes. Figure 31b 
illustrates an inside coil used for inspecting the inside of 
tubes and Figure 31c a probe coil used for inspecting sheet, 
plate or surfaces of test objects. These coils are 
represented as single windings; however, it 1S more common 
to find double coil configurations, where one winding is 
used for transmission (i.e., the excitation winding) and the 
other for reception of the modulated signal (i.e., the 
sensing winding). Such an arrangment is shown in Figure 32. 
In this case, the coil monitors the test object without 
comparison and, therefore, is called an absolute COLL, 
Signals are obtained from the sensing or secondary coil. 

Coils may also be wound ina differential arrangement, 
as shown in Figure 33a. In such a configuration, the test 
object is compared with a standard specimen or, in the case 
of Figure 33b, comparison is made between two different 
sections of the same test object (i.e., a self-comparison 
type of configuration). The advantage of using a 
self-comparison differential arrangement is that slowly 
changing signals will be discriminated against, whereas 
short localized cracks or other abrupt changes in the 


specimen may be readily detected. In each case, a flaw or 
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Figure 31. Prototype eddy current coils: a)encircling coil; 


byinside coil; c)probe coil. 
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Figure 32. Double coil configuration. 
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Figure 33. Differential eddy current coils: 
a)standard-comparison arrangement; b)self-comparison 


arrangement. 
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sudden change in conductivity or permeability will cause an 
imbalance in the bridge circuitry, thus producing an 
indication on the indicating device. 

The test coil assemblies used in this project were a 
hybrid type of probe configuration. Rather than place the 
excitation and sensing coils adjacent to each other, the 
coils were separated from one another so that they could be 
placed on opposite sides of the aluminum plate (i.e., a 
through-transmission arrangement). The coils are illustrated 
in Figures 34-37. Exact coil design details are 
proprietary’. The illustrations are given for comparison 
purposes only. 

In this study, only one sensing coil was used in 
conjunction with three different excitation coils. The 
sensing coil's diameter, as shown in Figure 34, was made 
small to provide good sensitivity to small flaws (i.e., good 
resolution). A differential self-comparison arrangement was 
established within the sensing coil by winding two small 
coils in opposition and adjacent to one another. In general, 
the excitation coils were designed to provide maximum 
penetration. In some cases the coils were wound on special 
ferrite cores to increase the magnetic flux, thus improve 
the penetration characteristic of the probe. The shape and 
Size of the ferrite cores were also altered to "Shape" the 


magnetic field, thus improve the sensitivity and resolution 


'For more information on coil designs, contact Mr. S. 
DeWalle of ANDEC, 18 Canso Road, Rexdale, Ontario, M9W 4L8, 
ph.: (416)243-3456. 
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Figure 34. Through-transmission sensing coil. 
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Probe A - excitation coil. 


Figure 35. 


Figure 36. Probe B - excitation coil. 
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Figures o7. ProberC ~Texcutation .coil.. 
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to flaws. Shields were also provided to decrease the noise 
from stray fields and/or provide increased sensitivity. The 
cables connecting the probes to the testing instrument were 
also well shielded to avoid problems with stray fields. 
Figures 35, 36 and 37 roughly show the shield and ferrite 


core configurations for probes A, B and C, respectively. 


3.5 Test System Operation 


3.5.1 Initial Probe Studies 

Since the test coils were such an important component 
of the eddy current test system, tests were performed to 
evaluate probe performance under fixed conditions. The 
conditions of the test (i.e., instrument sensitivity, 
filtering, frequency, etc.) were held constant in order to 
provide a basis for probe design. 

To conduct the initial studies a flat, flawless 1/2" 
(12.7 mm) thick plate of 6061 aluminum was placed between 
the excitation probe and sensing probe. Unlike normal 
through-transmission scanning, the sensing probe was left 
Stationary, 1/4" (6.35 mm) below the surface of the plate 
and the excitation probes were scanned, one at a time, 1/4" 
(6.35 mm) above the surface of the plate. The scanning rate 
was set at 0.2"/s (5.1 mm/s). In this manner, the magnetic 
field of each excitation probe was monitored as a function 
of the change in amplitude of the output signal to evaluate 


the penetration characteristics of the excitation probes. 
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When performing these scans the frequency was 
maintained at 100 Hz for each probe. In each case, the test 
coil level was set at 0 dB, the sensitivity at 65.0 dB and 
the filter control was positioned at 3 in the low pass mode. 
The phase control was adjusted to obtain maximum deflection 
in the Y-axis direction. The phase angle was set at 80° for 
probe A, 70° for probe B and 250° for probe C. The Y-axis 
amplitude readings were continuously recorded using the X-Y 
chart recorder. 

. To assess each probe's sensitivity to flaws, specimen 1 
was scanned uSing the through-transmission technique. The 
separation and alignment of the probes was held constant by 
the acrylic plastic holder. The separation of the probes was 
adjusted to provide 1/8" (3.2 mm) clearance between the 
probes and the plate. The scanning rate was fixed at 0.2"/s 
(5.1 mm/s). Scans were made across the machined surface of 
the plate using frequencies between 100 and 1900 Hz. The 
test coil level was set at 0 dB, the Sensitivity at 65.0 dB 
and filter control was positioned at 3 in the low pass mode. 
The phase control was adjusted to obtain lift-off 
indications along the horizontal axis for the initial 
frequency. In the same manner, the unmachined portion of the 
plate was scanned across the weld bead to investigate 
lift-off effects. All indications were photographed from the 


CRT display of the X-Y storage oscilloscope. 
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3.5.2 Impedance-Plane Analyses 

Inspection of the aluminum plates (specimens 2 and 3) 
was accomplished by the impedance-plane analysis technique. 
Scanning was performed using the through-transmission 
Scanning technique. The distance between the probe and plate 
was adjusted to provide enough clearance for the weld bead 
crowns, where the nominal distance between the weld bead 
crown and the probes was held at 1/8" (3.2 mm). The weld 
beads were scanned longitudinally at 0.2"/s (5.1 mm/s). The 
frequencies used for the analyses ranged between 100 and 
1700 Hz. In each case, the test coil level was set at O GB, 
the sensitivity at 65.0 dB and the filter control was 
positioned at 3 in the low pass mode. In most cases, the 
phase control was adjusted to obtain lift-off indications 
along the horizontal axis for the initial frequency. All 
Scans were recorded by photographing the CRT display of the 


X-Y storage oscilloscope. 
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4. Test Results and Discussion 


4.1 Verification Test Results 

Radiographs of specimens 1-3 were obtained to 
1)confirm the presence of the artificially produced flaws, 
2)locate the flaws and 3)determine the width of the flaws. 
Positive prints of the radiographs are shown, in reduced 
form, in Plates 5, 6 and 9. True size prints of the flaws in 
Specimens 2 and 3 are shown in Plates 7, 8 and 10. 

The incomplete penetration (IP) flaw in specimen 1 
(Plate 5) appears as a dim white line along the full length 
of the weld with only a small amount of gap closure in the 
central portion of the weld. The IP flaw closed up near the 
center of the weld due to shrinkage distortion after 
welding. This portion of the weld was not used for the 
Subsequent eddy current tests. The radiograph distinctly 
shows the machined and unmachined portions of the plate, as 
described in section 3.2. The average width of the IP flaw, 
as estimated from the radiograph, was approximately 0.016" 
(0.41 mm). The average depth of the IP flaw, as determined 
by ultrasonic testing, waS approximately 0.095" (2.4 mm). 

The cluster porosity (CP) in specimen 2 appears on the 
top half of Plate 6 as a cluster of white dots. The diameter 
of the CP, as estimated from the true size print (Plate 7), 
range from 0.055" (1.4 mm) to 0.070" (1.8 mm). The large 
isolated pores (LIP) appear on the bottom half of Plate 6 as 


two large white dots. The diameter of the large pores, as 
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Plate 5. Radiograph of specimen 1 - IP flaw (reduced size). 
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Plate 6. Radiograph of specimen 2 - CP and LIP flaws 


(reduced size). 
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Plate 7. Radiograph of specimen 2 - CP flaw (true size). 


Plate 8. Radiograph of specimen 2 - LIP flaw (true size). 
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Plate 9. Radiograph of specimen 3 - IP flaw (reduced size). 
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Plate 10. Radiograph of specimen 3 - IP flaw (true size). 
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estimated from the true size print (Plate 8), was 0.18" (4.6 
mm). 

The IP flaw in specimen 3 (Plate 9) appears as a dim 
white line in the central portion of the weld. The average 
width of the IP flaw, as estimated from the true size print 
(Plate 10), was 0.023" (0.59 mm). The average depth of the 
IP flaw, as determined by ultrasonic testing, was 
approximately 0.098" (2.5 mm). 

A comparison of these results with nondestructive tests 
made of real welding flaws in aluminum, showed that the 


artificially produced flaws adequately simulate real flaws. 
4,2 Initial Probe Studies 


4.2.1 Penetration Characteristics 

The first objective of this thesis was the development 
of a suitable probe system for the inspection of welds in 
thick metal plates. A through-transmission probe arrangement 
was a logical choice for these studies, since lift-off 
effects are eliminated if the distance between the two coils 
is fixed and the driving and detecting circuits have high 
impedances. Theseddy’ current: testing instrument* used) in this 
project was equipped with high impedance circuitry. By using 
the through-transmission arrangement, in conjunction with 
the eddy current testing instrument, it was believed that 
changes in the profile of a weld crown would not result in 


any signal indications due to lift-off effects. 
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To enable successful through-transmission inspection of 
thick plates another factor had to be considered; the skin 
effect had to be overcome. Normally the standard depth of 
penetration is quite shallow, even for very low frequencies 
(eg. 1/4" (6.4 mm) at 260 Hz). To enable operation at 
realistic operating frequencies (i.e., 100 to 2000 Hz) 
Special eddy current probes were designed. The probes were 
designed to provide a sufficient magnetic flux density to 
penetrate 1/2" (12.7 mm) thick aluminum plate at these 
frequencies. Design criteria were based on experimental 
tests rather than theoretical calculations, since most 
theoretical calculations are based on ideal coil 
configurations and the impedance changes caused by localized 
flaws are usually too complex to treat analytically. 

The penetration characteristics of the excitation 
probes were observed by monitoring the magnetic flux or 
field penetrating the plate and surrounding the sensing 
coil. The tests were conducted in the manner described in 
section 3.5.1. An operating frequency of 100 Hz was chosen, 
Since this was the lowest frequency setting on the signal 
generator. Since the movement of the test object (i.e., with 
respect to the magnetic field) induces a voltage within the 
object, scanning rates were kept constant throughout the 
test to avoid unwanted changes in the impedance. Y-axis 
amplitude readings were compiled from a series of X-Y plots 
for a 4"x4" (102 mm x102 mm) area surrounding the sensing 


coil. The results are illustrated in Figures 38-43 in the 


Saat 


‘gaa zedowg oft) sbeaplent, i koeneeeea 
. tape gitened “yi? sisgngem jnetotsioe, s/ebive: qe 
mn da pianes avaimwls sade Coan ©. st) "8 
Le so9mbisgne 19, beeed evew, sisedisoy stant 


Reni (eos 


| isi oKe ‘ads to aahdadset eral RT 
we watt, aidsepem rr} Bai x02 inom, ad bevasede’ ‘ae 
po races ant eaibnucs sum bes atalq, ond, oak tang ile, 

mes Posts one® rennet ont at bedoubaos crew 438 $96 
“iim a HH en to yonaupes? enitexeqo. 14 at 
fig ia 903 a0ipnizane yoneopey trewot od aw 
avin jyaeet) Joende, tae2 st ke snems vam, 23 sont 
ede. imkdoiw seettow a asauht Scie ise ae 
ie ba yeas vvodgueatls — , " 


101 


form of contour plots and perspective block diagrams. The 
perspective diagrams are presented at two different angles, 
for each probe, for the purpose of clarity. 

The first probe design, probe A, was wound as a simple 
probe without any ferrite core. This probe showed excellent 
penetration capabilities, with amplitudes exceeding the 1 
volt threshold of the eddy current instrument (see Figures 
38 and 39). The penetration capability of the probe was 
excellent by virtue of a large number of turns of wire in 
the excitation coil. The shape of the magnetic field was 
uniform because of the circular coil design. The shielding 
used in this probe was found to be excellent, since very 
little drift was observed after balancing the bridge 
eCrrcuiery. 

The second probe, probe 8, was designed after probe 4A, 
but included a ferrite core to shape the magnetic field. The 
effect of adding the ferrite core is easily observed in the 
perspective diagrams (Figure 41). The field is much narrower 
in the direction parallel to the ferrite core. This occurs 
because the ferrite core tends to redirect the lines of 
magnetic flux in the direction parallel to the length of the 
core. It was hoped that the core might also concentrate the 
magnetic flux in the center of the coil, but the results 
showed that the penetration capability of this probe was 
poorer than that observed for probe A (cf. Figures 38 and 
40). The shielding used in this probe was also found to be 


effective. 
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Figure 38. Magnetic field produced by probe A (contour 
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Probe displacement (in.) 
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Figure 40. Magnetic field produced by probe B (contour 
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Figure 42. Magnetic field produced by probe C (contour 
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Figure 43. Magnetic field produced by probe C (perspective 


block diagrams). 
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The third probe, probe C, is merely a small version of 
probe B. It has a rectangular shaped magnetic field, similar 
to that produced by probe B (cf. Figures 43 and 41); 
however, the penetration capability of probe C is even worse 
than probe B. Once again, the shielding used in this probe 


was found to be effective. 


4.2.2 Probe Sensitivity 

The above resultS gave some indication of the probes' 
penetration characteristics, but to fully evaluate the 
performance of each probe, studies of their sensitivity to 
real flaws was required. To evaluate the sensitivity of each 
probe, scans were made across the machined portion of 
Specimen 1, aS described in section 3.5.1. The machined 
portion of the specimen was Scanned, rather than the weld, 
to avoid any possibility of lift-off effects. The incomplete 
penetration flaw in the plate was detected using the 
impedance-plane analysis technique. The results of the scans 
are showhinaPlates | erli2eandianls. 

Probe A was operated using frequencies between 100 and 
1100 Hz in 100 Hz increments. This probe showed excellent 
sensitivity to the incomplete penetration flaw, with the 
best sensitivity occurring at 400 Hz (see Plate 11). The 
indications are typically single loops or double loops 
depending on the probe configuration used. In this case, a 
Single loop was observed. A loop was formed, since the coil 


was much larger than the flaw. As the probe was scanned over 
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Plate 11. Probe A - sensitivity to IP flaw (specimen 1). 
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the incomplete penetration flaw, half of the loop was formed 
as the first edge of the coil in the excitation probe moved 
over the flaw. The other half of the loop was formed as the 
second edge of the coil moved over the flaw. The resulting 
indication was a single loop, often referred to as the 
"Signature" of the flaw. The phase angle of these 
indications change with frequency because the inductive 
reactance value is a function of inductance and frequency 
(see section 2.3.2.1). This phenomenon often enables several 
operating variables to be separated from each other on the 
impedance plane by selecting a Suitable frequency. 

Probe B was operated using frequencies between 300 and 
1700 Hz in 200 Hz increments. The probe showed a similar 
response to the incomplete penetration flaw, except that the 
sensitivity was reduced to less than one half the amount 
achieved by probe A. Maximum sensitivity was attained at 
about 500 Hz and 1100 Hz for probe B (see Plate 12). Probe B 
was prone to overheating at frequencies above 500 Hz. This 
may be attributed to an insufficient number of turns of 
wire, or insufficient gauge thickness, or a combination of 
the above. 

Probe C was operated using frequencies between 300 and 
1900 Hz. Probe C also showed a Similar response to the IP 
flaw. Unlike probe B, the sensitivity was quite high, 
although still less than that attained by probe A. Maximum 
sensitivity was attained at 1100 Hz (see Plate 13). Although 


this probe design was merely a small version of probe B, no 
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Plate 12. Probe B - sensitivity to IP flaw (specimen 1). 


Plate 13. Probe C - sensitivity to IP flaw (Specimen 1). 


q 


etsi 


12 


overheating was noticed in the range of frequencies used for 
the scans. 

In general, the test probe sensitivity was increased as 
the frequency was increased, but at the same time 
penetration was reduced, so the two effects must be 
considered simultaneously. The sensitivity was increased 
Since high-frequency eddy currents are more easily distorted 
by imperfections than low-frequency eddy currents. 
Penetration was reduced due to the skin effect (see section 


PA BRP 


4.2.3 Lift-off Effects 

To evaluate the effects of scanning over a weld bead 
crown, the unmachined portion of specimen 1 was inspected in 
the same manner as the machined portion. The results of 
these scans are shown in Plates 14 and 15. Probe C was not 
included in these scans, since only very small deflections 
were obtained. The deflections were small because of the 
increased thickness of metal created between the probes by 
the crown of the weld. In this case, probe C had 
insufficient penetration power or magnetic flux to penetrate 
the weld. In addition, a decrease in sensitivity to the 
incomplete penetration flaw was observed for probe A and B 
as a result of this increased thickness. The frequency 
effects were Similar to those encountered in section 4.2.2. 

Although these observations were important, the main 


objective of these tests was to investigate the effect of 
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Plate 14. 


Probe A - lift-off effects (specimen 1). 


Plate: 15; 


Probe B - lift-off effects (specimen 1). 
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lift-off. The results showed that changes in the thickness 
of the plate did not have a profound effect on the display 
output. As the probe moved over the weld, the impedance did 
not change until the flaw was encountered. This proved that 
the through-transmission probe arrangement was an effective 
means of overcoming the lift-off effect, although no formal 
explanation for the reason why it is effective can be given. 
Perhaps the combination of low-frequency and differential 
arrangement compensates for the lift-off. Normally a 
differential arrangement is used to compensate for minor 
fluctuations in thickness and conductivity (see section 
3.4.4). In addition, low-frequency eddy currents tend to be 
less affected by lift-off than high-frequency eddy currents. 

In general, the probe penetration and sensitivity 
studies showed that probe designs A and B were adequate for 
the inspection of welds in 1/2" (12.7 mm) thick aluminum 
alloy plate. Further studies were required to evaluate the 
feasibility of using this low-frequency through-transmission 
technique for the detection and characterization of flaws in 
an industrial application. These studies are presented in 


the following section. 


4,3 Impedance-Plane Analyses 


4.3.1 Flaw Detection 


Detection of a wide variety of flaws is necessary to 


make this form of eddy current testing a feasible method for 
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the inspection of welds in aluminum plate. AS a consequence, 
tests were performed to detect a number of flaws common to 
welds in aluminum plate using probe designs A and B. The 
poor penetration characteristics of probe C disqualified its 
use in the detection of flaws in aluminum plate exceeding 
1/2" (12.7 mm) thickness. Specimens 2 and 3 were used as the 
standards for the tests and scans were made in the manner 
described in section 3.5.2. Rather than center the probe 
assembly over the weld bead, it was found that off-centered 
scanning provided better sensitivity. This may be explained 
by magnetic field variations. Imperfections in the test 
object are detected by monitoring changes in the impedance 
or voltage caused by distortions in the flow of eddy 
currents and, hence, variations in the magnetic field. Eddy 
currents near the edge of the magnetic field are more easily 
distorted than eddy currents in the central portion of the 
field where the flux density is greatest; hence, 
off-centered scanning is often an effective method of 
increasing the sensitivity to flaws. The results of the 
scans are shown in Plates 16-21. 

Plates 16 and 17 show the indications obtained by 
scanning specimen 2 with probe A. In each case, deflections 
caused by lift-off (LO) were also included for the initial 
frequency chosen (eg. lift-off is at 100 Hz on plate 16). 
Lift-off did not occur; rather, the deflections were forced 
by altering the Separation between the probes. Edge effect 


deflections occurred in the same direction, but are not 
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Plate 16. Detection of cluster porosity - probe A. 


Plate 17. Detection of large isolated pores - probe A. 
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shown on the plates. The sensitivity to cluster porosity was 
greatest at 300 Hz, while the sensitivity to large isolated 
pores was greatest at 700 Hz. The indication obtained for 
the two pores appeared aS a Single loop, illustrating a lack 
of sensitivity to closely spaced, small flaws, or lack of 
resolution. Indications obtained from an incomplete 
penetration flaw are shown in plate 18. These indications 
were obtained by scanning specimen 3. Maximum sensitivity 
was obtained at 400 Hz. In each case, the flaw indications 
were distinct, without any spurious signals present. 

Plates 19 and 20 show the indications obtained by 
scanning specimen 2 with probe B. Again, lift-off 
indications were included. The sensitivity to cluster 
porosity was greatest between 300 and 700 Hz. Tests at 500, 
700, 900 and 1100 Hz showed little difference in the case of 
the large isolated pores; however, the indications from each 
pore showed up aS a distinct loop, illustrating the 
excellent resolution properties of this probe. Plate 21 
shows the indications obtained by scanning specimen 3. The 
sensitivity to the IP flaw was greatest between 500 and 700 
Hz. Once again, the flaw indications were distinct, without 
any spurious signals present. Unlike probe A, maximum 
sensitivity to flaws was obtained over a range of 
frequencies. As a result, probe B offers greater flexibility 
to the operator. This is necessary if the probe is required 


for multi-purpose use. 
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Plate 19. Detection of cluster porosity - probe B. 
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Plate 20. 


Detection of large isolated pores - probe B. 


Plate 21. 


Detection of incomplete penetration - probe B. 
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4.3.2 Characterization of Flaws 

The detection of flaws is important; however, it is 
generally desirable to not only detect flaws, but to 
identify them. To accomplish this task, the welds in 
specimens 2 and 3 were scanned at a fixed frequency. Three 
separate frequencies were selected which covered the optimum 
range of operating frequencies for probes A and B. 

Welding causes thermal transients in the weld area, 
which change grain size and the state of work or age 
hardening in the heat-affected zone. AS a result, electrical 
conductivity, o, iS a variable in this zone and it was 
necessary to monitor the phase angle of the conductivity 
changes. In each case, a comparison between flaw-free 
sections of specimens 2 and 3 was made to determine the 
phase angle of the conductivity changes. The results of the 
scans are shown in Plates 22-27. The arrows indicate the 
direction of decreasing conductivity. 

The first frequency used for the scans was 300 Hz. 
Plate 22 shows the flaw indications for probe A. The 
incomplete penetration flaw indication appeared as a very 
narrow single loop, whereas the cluster porosity appeared as 
a wide loop. The large isolated pores, although not as well 
defined as the cluster porosity, appeared as a Single, 
moderately wide loop. The change in appearance of the loops 
may be explained by the difference in cross-sectional area 
of the various flaws. Cracks, lack of fusion and incomplete 


penetration are generally very long and narrow flaws, as 
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Plate 23. Flaw signatures - probe B (300 Hz). 
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compared to porosity, inclusions and large voids. Since 
large cross-sectional areas perpendicular to the flow of 
eddy currents tend to distort the eddy currents more than 
small cross-sectional areas, the loops formed by scanning 
over long and narrow flaws tend to be more tight. Although 
this phenomenon is useful for the characterization of flaws, 
the phase angle of the deflections is also important. The 
flaw indications obtained for probe A tend to have the same 
phase angle. This may lead to confusing results if several 
types of flaws are present ina single weld. Ideally, the 
flaws should give indications that have both different 
appearance and phase angle. Fortunately, the conductivity 
and lift-off changes were separated, in phase, from all 
other operating variables. As a result, they were clearly 
distinguished from the other variables. 

At 300 Hz the shape of the loops were similar for 
probes A and B (cf. Plates 22 and 23). The only noticeable 
difference wasS in the phase angle of the indications. Probe 
B provided much better separation of the variables, since 
the phase angle was different for each flaw indication 
(i.e., there was almost a 120° phase angle shift between 
each flaw indication). Probe B also provided good separation 
of the conductivityvand 1 ft-oftesic0c:, 

An increase in the frequency to 500 Hz generally 
resulted in a marked increase in the sensitivity, as shown 
in Plates 24 and 25. The shape of the indications obtained 


by probe A were similar to those obtained at 300 Hz. The 
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Plate 25. Flaw signatures - probe B (500 Hz). 


i 


wii Ta 2 
Ver SO ISAO Fe we 


a P ut 


| 7 


ine 
r 6 


124 


large isolated pores were more pronounced at this frequency, 
but the phase angles of the indications were still the same. 
Probe B, on the other hand, showed two distinct loops for 
the large isolated pores, the sensitivity to the cluster 
porosity was only slightly reduced and the phase angles of 
each indication remained fairly distinct. In each case, the 
phase angle separation between the conductivity and lift-off 
indications was large, allowing for good separation of these 
variables. 

An increase in the frequency to 700 Hz resulted in 
increased sensitivity to the cluster porosity and large 
isolated pores for probe A (see Plate 26). The shapes of the 
indications remained the same; however, the phase angles 
shifted toward the conductivity locus. In this case, the 
flaws could only be identified by the shape of their loops. 
The scans at 700 Hz with probe B showed decreased 
sensitivity to incomplete penetration and cluster porosity, 
and increased sensitivity to large isolated pores (see Plate 
27). Indications caused by the large isolated pores were 
very distinct (i.e., the resolution was excellent). In 
addition, the separation of the phase angles for each 
variable was very good. 

In general, the flaws were easily characterized using 
probe B between the frequencies of 300 and 700 Hz. The phase 
angles and signatures (i.e., loop shapes) were unique, 
resulting in the rapid indentification of the flaws. 


Overheating was the only problem associated with probe B. 
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Plate 26. Flaw signatures - probe A (700 Hz). 


Plate 27. Flaw signatures - probe B (700 Hz). 
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Probe A did not have a problem of overheating, but the phase 
angles of the flaw indications were not distinct at any 
frequency. This did not present a problem in this project, 
Since the loop shapes were so distinct that the flaws were 
easily identified by shape alone. Probe A generally had a 
greater sensitivity to the artificial flaws at a given 
frequency, but less resolution than probe B. Also, it was 
observed that scans made over real flaws produced similar 
Signatures on the impedance plane. 

The separation in phase between the conductivity, 
lift-off and flaw indications was excellent for both probes. 
Conductivity and lift-off changes are often an important 
consideration in the inspection of weld beads. The 
conductivity changes associated with the welds occur mainly 
in the transverse direction and are dependent on the thermal 
histories of the base plate, eaten ates zone (HAZ) and 
weld metal. Conductivity changes along the length of the 
weld are only slight and, as a consequence, were of little 
concern in this project. In addition, lift-off effects were 
not a problem because of the through-transmission probe 
arrangement. If, in fact, conductivity and lift-off changes 
did occur, the phase selective circuitry would allow for 
simple, quick discrimination of these variables, since the 
phase angle separation between these variables was good. 
Edge effect indications can be discriminated against in the 


Same manner. 
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Probe design was a very important factor in the 
development of this eddy current inspection technique. The 
probes were designed to provide a sufficient degree of 
penetration to inspect thick sections of metal, yet maintain 
a suitable degree of sensitivity to flaws. The design of the 
probes may be altered to adapt to different test conditions 
(i.e., thicker sections, cylindrical shapes, ferrous 
materials, etc.). In all cases, the main features of the 
probes are the ferrite core and conducting metal shield. 
Without a ferrite core the sensitivity to flaws would be 
diminished and resolution would be poor. Poor ferrite core 
design also results in diminished sensitivity and 
resolution, as well as poor penetration characteristics. A 
conducting metal shield is essential in all probes to guard 
against noise from stray fields surrounding the probe which 
may cause an imbalance in the balance circuits. Proper coil 
design is the key to successful characterization of the 


flaws and separation of the operating variables. 


4.4 Industrial Applications 

The through-transmission probe arrangement used in this 
project offersolittle: flexibility intan*cindustrial 
application. To make low-frequency eddy current testing a 
feasible nondestructive testing technique for the inspection 
of welds in pipes, for example, the excitation and sensing 
coils would have to be wound as a Single unit and scanned 


over the outside surface of the pipe. A drawback to such a 
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configuration is lift-off. Lift-off indications were not 
observed using the through-transmission probe arrangement, 
Since the distance between the sensing and excitation coils 
was held constant while scanning over the weld. If the coils 
are wound as a unit, lift-off indications become pronounced 
when scanning over irregular surfaces. Fortunately, phase 
selective circuitry allows the operator to separate lift-off 
indications, flaw indications and conductivity changes on 
the impedance plane, provided a suitable testing frequency 
is selected. 

An attempt should be made to design a probe assembly 
which combines both the sensing and excitation coils ina 
Single housing. The probe's performance should be evaluated 
uSing a phase selective or amplitude-phase detector system 
in the same manner as outlined in the experimental section 
of this thesis. With a suitable selection of probe design 
and operating frequency, flaws associated with welds in 
aluminum and other metals may be detected and characterized 
in the same manner as illustrated in this thesis. 

In a practical application, modulation analysis is 
often preferred over the impedance-plane analysis technique, 
Since a hard copy of the flaw indications is obtained 
directly from the strip chart recorder. Recent developments 
in the field of electronics has made it possible to record 
the results of an impedance-plane analysis directly onto 
magnetic tape. The tape may be stored and then played back 


on an X-Y storage oscilloscope display as a reference. As a 
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result, impedance-plane analyses should be chosen over 
modulation analyses, since flaw indications are more easily 
interpreted and separated from unwanted signals using the 
impedance-plane analysis technique. Cathode ray tubes also 
provide a faster response to output signals than strip chart 
recorders. In some cases, the operating variables of the 
eddy current test are difficult to separate, despite the use 
of impedance-plane analyses. In such cases, a multifrequency 
Or multiparameter method may be used. Libby’°:*?-?°* 
describes this method of eddy current testing in great 
detail in several of his papers. 

Although eddy current nondestructive testing has been 
used extensively in the aircraft industry for surface and 
subsurface inspection, the use of low-frequency techniques 
and other specialized techniques have allowed for increased 
use of subsurface inspection in other industries, such as 
tubular goods manufacturing. The results obtained in this 
project have shown that testing can be done to even greater 
depths using special probes and a low-frequency a.c. signal 
generator. This allowed for through-transmission inspection 
of weld beads in 1/2" (12.7 mm) thick aluminum alloy plate 
to locate flaws, as well as identify each flaw, by 
distinguishing the characteristic display outputs. Although 
inspection was limited to aluminum alloys in this project, 
the system may be easily adapted for the inspection of other 
metals. Development of modified probe designs may allow for 


low-frequency inspection of pipes and thick aircraft 
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5. Conclusions 

The results obtained in this project show that 
low-frequency eddy current testing is an effective means of 
inspecting welds in aluminum alloy plates up to 1/2" (12.7 
mm) thick. By using special through-transmission probes and 
a low-frequency a.c. Signal generator, welding flaws such as 
IP, CP, and LIP can be located, as well as identified, by 
distinguishing the characteristic display outputs. Phase 
selective circuitry permits flaw signatures, conductivity 
changes and lift-off indications to be separated on the 


impedance plane. In particular, the results show that: 


1. Flaw characterization and phase angle separation of the 
operating variables is mainly dependent on the frequency 


and coil design. 


2. Flaw signature shape is determined by the 
cross-sectional area of the flaw perpendicular to the 


flow of eddy currents. 


3. Off-centered scanning provides for increased sensitivity 
to flaws due to increased distortion of the eddy 


currents near the edge of the magnetic field. 
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Probe A provides excellent penetration and sensitivity 
characteristics, with maximum performance at 500 Hz; 
however, the resolution of this probe is only fair. Flaw 
characterization is only possible by distinguishing the 
Signatures or loops formed on the CRT, where planar 
flaws, such as cracks, lack of sidewall fusion and 
incomplete penetration, produce tightly closed loops and 
volumetric flaws, such as porosity, produce wide, open 
loops. The phase angle separation of the flaws is poor 
for probe A, but the phase angle separation of the 
conductivity and lift-off loci from the flaw indications 


1s good. 


The addition of a ferrite core gives probe B excellent 
resolution characteristics, allowing for the detection 
of very small flaws. Flaw characterization is possible 
over a wide frequency range (i.e., 300 to 700 Hz) for 
this probe. The characterization of flaws is excellent, 
Since the phase angles and signatures are unique for 
each flaw. The signatures produced by planar flaws are 
typically tightly closed loops and the signatures 
produced by volumetric flaws are typically wide, open 
loops. The phase angle separation of the conductivity 
and lift-off loci from the flaw indications is also 


excellent. 
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Probe C does not provide enough penetration for the 
inspection of welds in 1/2" (12.7 mm) thick aluminum 


alloy plate. 


Sizing of flaws is possible to some extent. The length 
of a planar flaw may be determined by monitoring the 
probe displacement while the signature is formed on the 
impedance plane. Accurate results may only be obtained 
if the probes are calibrated to a known flaw length or 
Standard. Determination of the depth of flaws is 
difficult, since the magnetic field intensity is nearly 
uniform throughout the specimen; therefore, the position 


of the flaw does not affect the test response. 


Although inspection was done at only 0.2"/s (5.1 mm/s) 
in this thesis, inspection up to about 8'/s (2500 mm/s) 
is possible for industrial applications, since no 
physical contact is required between the testing probe 


and test object. 


Low-frequency eddy current testing allows for the 
identification of a wide variety of physical, 
electrical, structural and metallurgical conditions in 


metals, including: electrical conductivity, magnetic 
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permeability, physical dimensions, cracks, voids, laps 


and inclusions. 
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6. Recommendations for Future Work 


6.1 General Recommendations 

It was important, from a practical point of view, to 
use qualitative analyses to observe the influence of various 
flaws on the impedance-plane diagram and, hence, evaluate 
the performance of the excitation probes used in this 
project. The analyses allow for preliminary determination of 
Suitable coil dimensions, ferrite core shapes and sizes, and 
Signal generator operating frequencies. These variables may 
be improved, in future works, by applying numerical 
calculations when possible, or by adequate experimental 
GES °Se 

As described in section 4.4, an attempt should be made 
to design a probe assembly which combines both the sensing 
and excitation coils in a single housing. An attempt should 
also be made to develop a probe capable of inspecting welds 
in steel plate. Existing probe designs may be used. In this 
case, a Saturation coil should be included to minimize the 
magnetic effects encountered when testing ferrous materials. 
The saturation coil should surround the sensing and 
excitation coils. A sufficient amount of direct current is 
applied to the saturation coil in order to raise the 
magnetic flux of the material adjacent to the coil toa 
maximum. This condition is known aS magnetic saturation. In 
such a manner, small variations in permeability will be 


eliminated; hence, reduce the possibility of false readings 
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or indications: 


6.2 Thermal Stability 

A characteristic often overlooked when designing coil 
systems is thermal stability. The excitation current causes 
I?R losses which heat the coil, and eddy currents flowing 
within the test object heat the object. Dimensional changes 
caused by the thermal expansion of the coil may cause small 
changes in the inductance of the coil. If multiple coils are 
used in a single probe, temperature changes may cause a 
variation in the coupling between the coils, as a result of 
the expansion of the coil supports. All of these factors 
should be taken into account in the development of new eddy 


current probes. 


6.3 Standards 

The development of standards for use in eddy current 
nondestructive testing has proceeded at a much slower rate 
than for the other major nondestructive test methods. There 
is a need for a more quantitative approach in eddy current 
testing, thus a need for establishing standard calibration 
and operating procedures and specifications for reference 
test specimens. 

Artificially produced flaws were used as a means of 
evaluating probe performance in this project. Artificial 
flaws were chosen over milled notches or drill holes, since 


they were more representative of naturally occurring flaws 
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in welds. Unfortunately, artificially produced flaws cannot 
be easily duplicated, thus ruling out the possibility of 
using them in a performance standard. Small drilled holes 
and milled notches have been used in performance standards 
for ultrasonic testing equipment and conventional eddy 
current testing equipment calibrations. They are easily 
reproduced and, in most cases, Simulate naturally occurring 
flaws. 

Existing standards for use in eddy current testing, as 
described by Hochschild*’’*°, are designed for surface and 
subsurface inspection. At present, ASTM standards do not 
extend below 1000 Hz for eddy current testing. AS a 
consequence, these standards are not suitable for use in 
low-frequencyveddy cunrentttesting of theekisections. (rf Sthe 
low-frequency testing method described in this thesis is to 
be used in a practical application, a standard will have to 
be developed to reliably qualify and calibrate the eddy 
current testing system. 

Crowe*' describes a method of calibrating an eddy 
current test system uSing simulated signals or "Signal 
injection". In this case, preprogrammed signals which 
Simulate real flaw indications on the impedance plane are 
injected into the eddy current test instrument from an 
electronic device. This method may prove to be a useful 
alternative to the conventional standards used in eddy 


current testing. 
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Part 1. Nondestructive Testing, 16:495-499 (1958). 
Hochschild, R., Specifications and Standards for Eddy 
Current Flaw Detection in Tubing. Nondestructive 
Testing, 18:403-407 (1960). 

Crowe, J.C., Calibration of Eddy Current Systems with 
Simulated Signals. Materials Evaluation, 9:59-64 
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